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Abstract
For TOSCA to move forward beyond the current state-of-the-art in key scientific
areas such as gas and charge storage, the most urgent need is for greater sensitivity
via the secondary spectrometer upgrade that would make TOSCA competitive with
other similar instruments, such as VISION at the SNS, in terms of total count rate.
The here proposed upgrades can improve the collection efficiency of the neutrons
scattered from the sample and the effects in terms of resolution have to be evaluated
alongside. This document is focused on the design of a TOSCA doubly bent analyzer by means of McStas suite, which currently does not implement a component
that can simulate a curved monochromator along multiple axes. Therefore, to proceed with the simulation of the secondary spectrometer, we had to create a custom
component which can meet the TOSCA needs. We used several Highly Oriented
Pyrolytic Graphite (HOPG) tiles arranged on a parametric surface up to an area of
1450 cm2 that can have two different curvatures, spherical and parabolic. Several
simulations have been performed with this component to study the performance of
the current and future TOSCA setup at the elastic line. Graphite analyzers with
different areas and radii of curvature have been considered and each parameter has
been optimized via computational analysis. From the simulations, we found that
with the appropriate focusing, it is possible to increase the current analyzer area
by tenfold reaching a flux gain of ∼ 7. It is also evident that for larger analyzers
the parabolic geometry outperforms the spherical one thanks to its better focusing properties. The calculations also show that this gain is achieved with limited
effects on resolution, provided that an extensive optimization is performed on the
parameters of curved geometry. The geometric optimization in this study has been
computationally implemented using MATLAB routines in conjunction with McStas.
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1. Introduction
1.1. Current inelastic neutron scattering module on
TOSCA
The flat highly oriented pyrolytic graphite (HOPG) crystal, currently used as analyzer on TOSCA has a trapezoidal shape with dimensions as shown in Fig. 1.1 and
an area of 144 cm2 . In the McStas [1] simulations we implemented a square 12 x 12
cm2 analyzer to approximate this shape and to be on the conservative side of the
gain calculations. The crystal has a rocking angle FWHM of η = 2.5° (150 arcmin)
in both vertical and horizontal directions that defines its mosaicity. The centre of
the analyzer surface is placed at a 45° grazing angle and at an average distance of
311 mm with respect to the sample [2]. More details of the geometry can be found
in Appendix A and a discussion of the principles of the inverted geometry inelastic
neutron scattering (INS) technique is presented in Appendix B.

Figure 1.1. – Picture of the current TOSCA graphite analyzers. Courtesy of ISIS
engineering group.

The current TOSCA spectrometer [3] is divided in ten identical banks equipped with
the analyzer working together with a beryllium filter and cadmium foils, that remove
the higher wavelength harmonics diffracted by the analyzer and reflected towards
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the detectors. Furthermore, to increase the transmission of useful neutrons, each
beryllium filter is cooled down to 30 K by a cooling head placed on one side of the
housing. Currently the analyzer and the filter are very close together, and although
this partially explains the original choice for a small analyzer this feature strongly
limits the neutron collection efficiency of the assembly as a whole. Additionally,
the analyzer is placed on an aluminium support which brings it further towards the
Be filter and as a result there is not much space to improve the analyzer in the
current setup, see Fig. 1.2. Nevertheless some modifications on the structure can be
implemented in order to relax the geometry constraints.

Figure 1.2. – 3D model of the TOSCA inelastic scattering module.

1.2. Time focusing
All the detected neutrons travel the secondary branch of the spectrometer (L1 ~ 620
mm) in the same amount of time, thanks to the peculiar geometric arrangement of
sample, analyzer and detector array, as shown in Fig. 1.3, where the sample and the
detectors share the same plane and the analyzer lies along a plane parallel to it [4].
This implies that faster neutrons are reflected at lower Bragg angles θA and travel
longer paths while slower neutrons are reflected with higher θA and thus follow
shorter travel paths. This feature, at first order cancels out the time differences
between the detected neutrons [2]. In fact with this arrangement we have that the
travel time t1 along the secondary branch L1 is independent from the scattering
angle, see Eq. 1.3. The time t1 depends only on the distance between the assembly
planes da , the neutron mass mn , the lattice spacing of the analyzer d 002 and the
Planck constant h.
2da
(1.1)
L1 =
sinθA
v1 =

6

h
2mn d002 sinθA

(1.2)

1.3 Energy focusing

t1 =

4da mn d002
L1
=
v1
h

(1.3)

Figure 1.3. – Schematic drawing of the arrangement of the current TOSCA secondary spectrometer components.

1.3. Energy focusing
The same arrangement of the assembly, as in Fig. 1.3, performs the energy focusing,
which further improves the resolution of the instrument [5]. Thanks to the fixed
scattering angle θA of the neutrons emitted from the sample and impinging on the
analyzer, the Bragg diffraction of neutrons with a chosen energy occurs at the same
fixed angle towards the detector array. This allows to define a focal point for each
selected energy that would be an infinitely thin peak in the case of a crystal with
a zero mosaicity. Nevertheless, thanks to the mosaic spread of the HOPG lattice
planes, neutrons of the same energy impinging on different points along the analyzer
surface are diffracted and focused onto the same focal point [6] that corresponds to
a defined detector tube in our case, see Fig. 1.4. Thus each tube is associated with
a characteristic energy, which varies as a function of the detector position along the
array. This energy value has to be taken into account during the data reduction to
calibrate each single detector [7]. The values associated with the energy calibration
have been calculated during this work by means of McStas simulations and can be
found in Appendix C.
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Figure 1.4. – (left) Energy focusing principle in the current TOSCA setup. (right)
Chromatic spread of the analyzer along the detector array.

Figure 1.5. – TOSCA secondary spectrometer back-scattering detector banks. The
detector arrays are arranged radially in the same plane, and the sample is placed at
the center of the plane.
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2. McStas doubly bent analyzer
component
McStas simulation suite currently lacks any implementation of a monochromator
whose points lie on a custom defined surface. For this reason, we built a new
McStas analyzer component using several flat tiles with size of 10 x 20 mm2 (WxH)
that can be arranged along an analytical surface. This accomplished our need for a
doubly bent analyzer capable of focusing the beam along the horizontal and vertical
direction. The material of the analyzer is highly oriented pyrolytic graphite, which
corresponds to the material currently used on TOSCA with a mosaic spread (full
width half maximum) of η = 2.5°, while the chosen reflection plane is the (002)
that has a lattice spacing of d 002 = 3.354 Å. This material is considered suitable
for the monochromation and reflection of sub-thermal neutrons thanks to its high
reflectivity and sharp diffraction peaks. In fact at the wavelengths of interest the
reflectivity for a 1 mm thick HOPG crystal can exceed 74% and a bent HOPG
can find a number of important applications for λ < 4.5 Å [8]. The total reflection
area of the curved analyzer will eventually be limited by engineering constraints and
within the current TOSCA frame it can approximately range from 144 cm2 to 1450
cm2 . As a specimen in the calculations we used a vanadium plate with the following
dimensions 40 x 40 x 2 mm3 , which scatters mostly incoherently and isotropically,
i.e. it does not select specific wavelength in different directions. We are mainly
interested in the incoherent elastic peak from this sample after it has been energy
scanned by the HOPG analyzer, as performed by Scherm [9]. This monochromator
component is designed to resemble a parametric surface with two separate curvature
functions along the horizontal and the vertical axis. The curvatures we choose to
analyze are parabolic, as studied by Dolbnya [10] for x-ray beams, or spherical [8]
and in this chapter we present how the two different geometries have performed.
TOSCA secondary geometry also has the advantage of keeping the distance from
the sample to the analyzer and from the analyzer to the detector array as equal
as technically possible, in order to accomplish the Rowland focusing condition [11].
As a starting point we completed the simulations for the back-scattering bank 3
(hereafter B3), see Fig. 2.1. In this case the centre of the analyzer is placed at the
coordinates (0 m, -0.2214 m, 16.78 m) relative to the moderator centre, which is the
origin of our primary coordinate system. In this system of reference, the X axis is
horizontal and the Y axis is vertical, and both are perpendicular to the beam while
the Z axis is parallel to the beam. According to this model, a flat monochromator
would lie on the plane Pback , described by the equation z = 16.78 m.
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Figure 2.1. – 3D model of the McStas geometry implemented for the TOSCA secondary upgrade simulation. View of the back-scattering detector bank 3.

2.1. Parabolic curvature
The analytical function of the parabolic curvature is represented by Eq. 2.1.








z = RH −1 · x2 + RV −1 · y 2

(2.1)

Where z is the distance of the tile centre from the plane Pback , x is the horizontal
distance from the monochromator centre and y is its vertical distance from the
monochromator centre. RH-1 and RV-1 are the parameters that define the horizontal
and vertical curvatures respectively. The centre of each tile is placed accordingly to
the above equation and each tile is rotated along the Y axis to be tangent to the
curve by an azimuthal angle θ and along the X axis by a polar angle φ given by Eq.
2.2 and Eq. 2.3 respectively.
θ = arctan(2RH −1 · x)

(2.2)

ϕ = arctan(2RV −1 · y)

(2.3)

2.2. Spherical curvature
The analytical function of the spherical curvature is represented by Eq. 2.4.
z = (RH + RV ) −

10

√

RH 2

−

x2

+

q

RV −
2

y2



(2.4)

2.2 Spherical curvature
Where z is the distance of the tile centre from the plane Pback , x is the horizontal
distance from the monochromator centre and y is its vertical distance from the
monochromator centre. RH and RV are the parameters that define the horizontal
and vertical curvatures respectively. The centre of each tile is placed accordingly to
the above equation and each tile is rotated along the Y axis to be tangent to the
curve by an azimuthal angle θ and along the X axis by a polar angle φ given by Eq.
2.5 and Eq. 2.6 respectively.
θ = arcsin(x/RH)

(2.5)

ϕ = arcsin(y/RV )

(2.6)

In Fig. 2.2 and Fig. 2.3, one can see the McStas model of a single blade used to
simulate the doubly bent analyzer. Furthermore every analyzer is made from several
blades.

Figure 2.2. – The horizontal blade of the McStas curved analyzer component.

Figure 2.3. – The vertical blade of the McStas curved analyzer component.
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3. Inelastic neutron scattering
module upgrade
3.1. Improving the analyzer within the current frame
The simplest way to set up a new INS bank with an improved analyzer would be
to change the analyzer support and the analyzer itself, leaving the rest unaltered.
In this scenario, we would keep the current housing constraints and would have to
exploit the limited free space among the other components. In the current configuration it is possible to extend the analyzer width up to 190 mm before touching
the housing walls. The height of the analyzer instead can be expanded to a maximum of 160 mm before clashing with the beryllium filter. Moreover, it may not be
possible to implement a curved analyzer while keeping the current support, since
the beryllium filter is too close to the analyzer in the current setup. Nevertheless,
with a different support, the analyzer could be moved farther from the filter by a
maximum of 40 mm. This would increase the analyzer–filter distance, leaving space
for the curved geometry to be implemented; this modification would also increase
L1 by 18 %. If necessary additional space available to the curved analyzer could
be achieved by moving the beryllium filter by 10 mm towards the detector array.
All these changes do not require the redesign of the housing frame, see Fig. 3.1, and
this concept can be relatively easily and quickly implemented. In the simulation, we
used an average distance from the moderator to the detector of 17.65 m (L0 + L1 ).

Figure 3.1. – The flange of the current TOSCA INS module housing.
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3.2. Building a new module
One step further in the idea of the secondary upgrade is to fully rethink the geometry
constraints of a single module. In fact, keeping the current housing for a new
analyzer might not be the best option available. Currently, a single module occupies
just a small portion of the spectrometer, leaving most of the space around the sample
empty, see Fig. 3.2. According to the ISIS Engineering Group, it may be possible
to increase the angle subtended by a single INS module, to enhance the collection
efficiency of the neutrons scattered by the sample. This new design would likely
contemplate a single module that can extend up to the whole 60° of angular span,
for a total of 5 INS modules on each side of TOSCA, see Fig. 3.3. Additionally,
it is worthwhile to investigate the performance of a design having 6 banks of 45°
each, as currently implemented at the VISION instrument. In any case, a whole
new geometry for the TOSCA analyzer must be designed, that should likely have
a trapezoidal shape and a much wider area than the current analyzer. McStas
simulations can evaluate the performance of such new designs once the engineering
space constraints are defined.

Figure 3.2. – (left) The TOSCA secondary spectrometer, and (right) its drawing.
View from the front.

Figure 3.3. – Scheme of the TOSCA conceptual design, where the five trapezoidal
analyzers with a 60° spacing are arranged in a circle and with the top block removed
to allow access for the cryostat. Front view of the all inelastic modules (left) where
the sample is shown in red, and drawing of a single extended analyzer (right).
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4. Calculations of the compact
analyzer design
We have set up simulations in relation to the TOSCA back-scattering module B3,
that is the one below and placed upstream from the sample. We have calculated the
intensity of the neutrons scattered by the analyzer and passing through the detector
array, which lies in the same plane as the sample. The detector area is 300 x 182
mm2 nominal while the active region in the real detector array is restricted to 182 x
182 mm2 because of the electrical connections on either side of the array. Therefore
we carefully designed the analyzer geometry in order to focus neutrons mainly onto
this sensitive area. To evaluate the analyzer focusing in the simulations, we used
position sensitive detectors (PSD) with 1 mm2 resolution that were placed in front
of the detector array. This upgrade option considers the design of compact analyzer,
flat and curved, that could fit into the current TOSCA housing module without the
need for expanding the whole assembly.

4.1. Flat analyzers

Figure 4.1. – Neutron intensity observed by 3 He detectors as a function of the flat
square analyzer size and integrated over the wavelength range of interest.
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As the first step in the design of a new analyzer for TOSCA we wanted to compare
the performance of different flat configurations and to investigate if the current 12
x 12 cm2 analyzer is the most efficient among the flat ones. We also kept the size of
the detector array unaltered.

Figure 4.2. – Neutron intensity observed by 3 He detectors as a function of the
analyzer height for a 15 cm wide flat analyzer. The intensity is integrated over the
wavelength range of interest.

From the integrated intensity as a function of the analyzer dimensions, we can
observe that the height (H) of the analyzer has to be smaller than its width (W)
since the detection area has a rectangular shape with H < W. On the basis of the
calculations shown in Fig. 4.1 and Fig. 4.2, the optimal height of the flat analyzer
lies between 9 and 10 cm and the optimal width is between 14 and 15 cm. We
can assert that the optimal flat monochromator should have a W/H ratio between
1.4 and 1.7 and this is compatible with the detector array W/H ratio of 1.65. The
configuration that we deem the most close to the optimum is the 15 x 9 cm2 which
shows a gain of 1.1 in the total detected intensity compared to the current 12 x 12
cm2 configuration.

4.2. Finding the optimal curvature for small analyzers
To proceed further in the study of a new analyzer design, we considered geometries
with a curved surface along the vertical axis, able to intercept a larger solid angle
from the sample and at the same time to focus the neutrons onto the 300 x 182
mm2 detector area. In this section we considered only parabolic curvature, since the
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4.2 Finding the optimal curvature for small analyzers
dimension are still relatively small for this set of components and we can consider
the differences between spherical and parabolic curvatures as negligible. For a section of parabola close to the vertex, as a first approximation we can write RV-1 =
1
where RV-1 = 0 means that the radius of curvature goes to
Radius of vertical curvature
infinity (i.e. flat geometry). Two geometries were considered, A0 = 144 cm2 and
A1 = 150 cm2 . To find the suitable radius of curvature for a 12 x 12 cm2 (W x H)
analyzer (A0 ) we calculated the detected intensity as a function of RV-1 . Equally we
also calculated the performance for a 15 x 10 cm2 (W x H) configuration (A1 ), since
previous simulations showed that we have an optimum for an analyzer width of 15
cm, when no horizontal curvature is applied. From the results shown in Fig. 4.3,
one can conclude that A1 reaches the intensity plateau at a smaller curvature, in
virtue of its smaller height, compared to the A0 case. Furthermore, A1 has a higher
intensity (+0.9 %) at the plateau since it has a larger total area (+4 %) than A0 .

Figure 4.3. – Neutron intensity as a function of the curvature of the 12 x 12 cm2
(A0 ) and 15 x 10 cm2 (A1 ) analyzer geometries.
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4.3. Performance comparison
In this section we present the performance results for some of the small bent analyzers considered, having 135 cm2 , 144 cm2 and 150 cm2 area. More detailed data can
be found in Appendix D. One can see in Fig. 4.4 that in every curved configuration
we achieved a flux gain and an improvement on the resolution of the elastic line.

Figure 4.4. – Gain in relation to the 12 x 12 cm2 flat analyzer geometry, and
resolution performance for different geometries of the small analyzer.
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5. Calculations of the extended
analyzer design
A wide curved analyzer geometry will need extra care from the point of view of
the time and energy focusing with respect to the simpler flat analyzer geometry on
parallel planes that TOSCA currently implements. The shape of these extended
analyzers should be triangular to accomplish the shape of the 60° INS module. Here
we illustrate the McStas models and the associated diffracted beam obtained from
three different configurations of doubly bent analyzer, i.e. 570 cm2 , 960 cm2 and 1450
cm2 analyzer. For every geometry a parabolic and a spherical curvature were considered, and this led to a total of 6 different configurations. Previously, a similarly
large HOPG monochromator (1428 cm2 ) with a horizontal and vertical spherical
curvature has been successfully implemented at NIST with significant advance in
the doubly focusing technology [12, 13]. Another example of curved analyzers implemented on a neutron spectrometer can be found at VISION instrument in the Oak
Ridge National Laboratory. Namely, VISION spectrometer uses a design inspired
by TOSCA since it operates in the same experimental field. Currently VISION has
six back-scattering banks and six forward-scattering banks, where each bank features a 347 cm2 curved analyzer made of HOPG tiles [14]. TOSCA and VISION
neutron monochromation systems are completed by a cryo-cooled beryllium filter
which shields an array of 3 He tubes.

Figure 5.1. – 3D models of the simulated sample (red), analyzers (black) and detector
array (blue). Three different configurations were simulated, 570 cm2 analyzer (left),
960 cm2 analyzer (center) and 1450 cm2 analyzer (right).
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Figure 5.2. – Spatial profile of the neutrons diffracted onto the detector area by the
570 cm2 analyzer. The configuration was simulated with the parabolic curvature
(left) and the spherical curvature (right).

Figure 5.3. – Spatial profile of the neutrons diffracted onto the detector area by the
960 cm2 analyzer. The configuration was simulated with the parabolic curvature
(left) and the spherical curvature (right)

Figure 5.4. – Spatial profile of the neutrons diffracted onto the detector area by the
1450 cm2 analyzer. The configuration was simulated with the parabolic curvature
(left) and the spherical curvature (right)

From the figures above it can be noted that the focus on the detector plane has a
finite size and an elliptic cross section. This is due to the finite size of the incident
beam and sample, as is the case in reality. The elliptical spacial profile of the focus
from a bent analyzer was already foreseen by Riste [8].
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5.1. Calculating the optimal curvature
Because of the complexity of the doubly bent geometry, more than 200 simulations
were performed iteratively to find the optimal curvature for each chosen analyzer
area. The optimization is set on the RH-1 and RV-1 parameters, where both can
change independently; thus the process have 2 degrees of freedom and is performed
in a 3-dimensional space with coordinates (RH-1 , RV-1 , C). The C value is the criteria
set to evaluate the performance of each curvature and it is described by Eq. 5.1,
where Ii is the height and σv2 i is the variance of the Gaussian fit of the elastic peak
detected by the i-th detector in the array. The optimization algorithm operates in
order to find the couple (RH-1 , RV-1 ) that minimizes C, see Fig. 5.5.
C=−

13
X
Ii
2
i=1 σi

(5.1)

The value C is obtained from the data analysis of the McStas simulations, which
give the neutron signal of each one of the 13 detector tubes of the array currently
implemented in the TOSCA INS modules. We used the MATLAB iFit package [15]
to routinely retrieve and analyse the data generated by the McStas calculations.

Figure 5.5. – Optimization of the criteria C as a function of the RH-1 and RV-1
parameters using MATLAB in conjunction with McStas.

5.2. Performance comparison
In this section we illustrate the results of the calculations that investigate the
performance of the extended geometries, while the detailed data can be found in
Appendix D. The widest configurations allow us to achieve the considerable gain,
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up to 7, with limited effects on resolution. The resolution at the elastic line is of
fundamental significance to assess the resolution at higher energy transfer. It was
calculated from the FWHM of the elastic line, divided by the average energy of the
elastically scattered neutrons (3.5 meV).

Figure 5.6. – Characteristic energy of the elastic line as a function of the detector
position along the array.

Figure 5.7. – Intensity integrated in the wavelength range of interest and normalized
by the incident neutron flux. The results are shown for single detectors as a function
of the detector position along the array. In the flat geometry the intensity is linearly
distributed along the array, while in the curved geometries the neutrons are focused
mainly towards the array centre and its lower part.
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5.2 Performance comparison

Figure 5.8. – Average elastic line resolution as a function of the detector position
along the array, for various analyzer geometries. The resolution is reasonably constant along the array for the flat geometry, while for the curved analyzers it shows
a dependence on the detector position.

Figure 5.9. – Average flux gain and resolution as a function of the area of the doubly
bent analyzer with baseline mosaicity. The curved analyzer shows a strong increase
in the gain as a function of the area, while the resolution varies slightly.
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5.3. HOPG mosaicity
The previous calculations studied the flux gain due to a bigger analyzer area and a
focusing configuration, and while we kept the original detector banks the maximum
gain was around 7 with respect to the current secondary. Further calculations on the
960 cm2 parabolically focused analyzer were necessary to test other ways to increase
the detected flux on top of the previous gain figure, while the horizontal and vertical
curvature of the analyzer was chosen by means of computational optimization. We
considered the 13 3 He detectors in a new 60° module, while the number and position
of the detectors were kept equal. The effect of bigger detectors was considered but
it was limited because the neutrons are mainly focused at the centre of the detector
array. We also increased the mosaicity (i.e. angular spread of the crystallites) of the
HOPG crystals to widen the bandwidth of the analyzer. This increased bandwidth
caused a considerable flux enhancement, but at the same time one could observe a
direct trade-off with the resolution. In the calculations, a gain of 10 was reached
with a resolution degradation by 15%. Detailed data about the data analysis and
results can be found in Appendix E.
• Analyzer area: 960 cm2
• Parabolic curvature (RH −1 = 1.755 m-1 , RV −1 = 0.875 m-1 )
• HOPG mosaicity 150 arcmin < M < 300 arcmin
• Reference dataset (current secondary): 144 cm2 flat analyzer, 140 arcmin mosaicity, R = 8.0 %, Gain = 1

Figure 5.10. – Simulated elastic line for the detector closer to the sample position.
The data were normalized by the parabolic analyzer with M = 150. We calculated
a +70 % increased elastic line peak intensity at the highest mosaicity with respect
to the lowest mosaicity case.
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5.3 HOPG mosaicity

Figure 5.11. – Simulated elastic line for the detector in the middle position of the
array. The data were normalized by the parabolic analyzer with M = 150. We
calculated a +50 % increased elastic line peak intensity at the highest mosaicity
with respect to the lowest mosaicity case.

Figure 5.12. – Simulated elastic line for the detector farthest away from the sample
position. The data were normalized by the parabolic analyzer with M = 150. We
calculated a +150% increased elastic line peak intensity at the highest mosaicity
with respect to the lowest mosaicity case.
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Figure 5.13. – Elastic line gain-resolution trade-off for the 960 cm2 parabolic analyzer
with different mosaicity of the crystallites. We can observe a linear dependence of
the gain-resolution relationship as the mosaicity increases.

Figure 5.14. – Neutron flux gain of the 960 cm2 parabolic analyzer in relation to
the 144 cm2 flat analyzer, as a function of the mosaicity of the crystallites. We can
observe a linear dependence in the gain-mosaicity relationship. The linear regression
of the plot is shown as black dashes.
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5.4. Conceptual design of the TOSCA upgraded
secondary spectrometer
Visualization of the possible conceptual design of the TOSCA upgraded spectrometer and space utilization of the future assembly.

Figure 5.15. – Computer aided conceptual design of the TOSCA secondary spectrometer with the new curved analyzers.
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Figure 5.16. – Computer aided conceptual design of the TOSCA secondary spectrometer with the new curved analyzers.
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5.4 Conceptual design of the TOSCA upgraded secondary spectrometer

Figure 5.17. – Computer aided conceptual design of a single module of the TOSCA
spectrometer with the new curved analyzers.

Figure 5.18. – Computer aided design of the back-scattering banks of the TOSCA
spectrometer with the current flat analyzers.
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6. Conclusions and recommendations
for future work
Following the recent upgrade of the TOSCA primary spectrometer [16, 17, 18, 19] the
TOSCA instrument capabilities can be further enhanced via the upgrade of its secondary spectrometer whereby currently installed flat analysers could be exchanged
for curved analysers and their surface area enlarged [20]. We simulated different
configurations of flat and curved graphite analyzers, whose area ranges from 1 to 10
times larger than the current TOSCA analyzer area. The parabolic and spherical
geometries were set with appropriate curvatures to focus the diffracted beam onto
the detector array and they were optimized to get the best flux-resolution trade-off.
Up to an analyzer area of 960 cm2 , the two geometries have similar performance in
relation to the instrument resolution, while the parabolic geometry performs better
in relation to the flux gain. With respect to the largest configuration simulated
(1450 cm2 ) the parabolic configuration outperforms the spherical one for either gain
and resolution, see Fig. 5.9. Overall, in any of the considered cases, the chosen figure
of merit is higher for the parabolic geometry than the spherical one, i.e. the gainresolution trade-off is better for a parabolic curvature. It is worth to mention that
each detector in an array showed a characteristic energy which varied only slightly
when the geometry of the analyzer changed and we note that, thanks to the energy focusing principle, the characteristic energy varies linearly as a function of the
detector position along the array. Every deviation from linearity has a detrimental
effect for the resolution, as evidenced in Fig. 5.6 and Fig. 5.8. Moreover, the detected
intensity is reasonably constant along the array for the flat geometries, while in the
curved cases the neutrons are focused mainly onto the central part of the array, see
Fig. 5.7. If necessary, the position of the focus can be varied arbitrarily by choosing
a different radius of curvature or different tilting angle of the analyzer, however this
will have effects on the overall gain and the resolution performance. Up to a certain
analyzer size, the vertical curvature (i.e. normal to the diffraction plane) in general
reduces the wavelength spread and enhances the central wavelength component with
respect to a flat analyzer. As a consequence, this effect improves the overall resolution of the instrument. A step that can further improve the gain and the resolution
is to set accurately the horizontal and vertical mosaicity of the HOPG tiles in order
to match the divergence and make a better use of the beam, as suggested in that case
by Mikerov [21]. The performed calculations on different mosaicities showed that,
in such case, an order-of-magnitude gain is within reach but resolution trade-off
appears to be necessary. It is important to remember also that HOPG crystals have
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weak beam attenuation for wavelengths other than the ones that satisfies the Bragg
condition, and this gives the opportunity for multiple spectrometer setups that may
exploit the transmitted beam through the analyzer [8]. Furthermore, it might be
worth to evaluate the possible deviations on the wavelengths diffracted by the analyzer due to an off-center position of the sample, as mentioned in reference [11].
This problem can be investigated by means of further Monte Carlo calculations and
can be possibly avoided by means of an alignment system implemented in the future
TOSCA design, in order to check the correct positioning of the sample in every experiment and ensure an effective operation of the analyzer. In general, we can assert
that the parabolic curvature has better focusing properties than the spherical one,
and thus for the spherical geometries a shorter radius of curvature will be needed to
achieve the same level of beam focusing. Nevertheless we need further simulations
to assess fully the upgrade options and also it is recommended to benchmark the
calculations against experimental data. This work is important since it paves the
way for a quantitative description of cutting-edge upgrades in all the spectrometers
which share the TOSCA design (i.e. VISION, VESPA, LAGRANGE).
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A. Appendix
Geometry of the current secondary
spectrometer
• TOSCA has 5 banks in the back-scattering position θ = 135°, φ1 = 60°, φ2 =
120°, φ3 = 180°, φ4 = 240°, φ5 = 300° in spherical coordinates.
• It has also 5 banks in the forward-scattering position θ = 45°, φ1 = 60°, φ2 =
120°, φ3 = 180°, φ4 = 240°, φ5 = 300° in spherical coordinates.
• Y distance between the analyzer centre and the sample centre: Y1 = 220 mm.
• Z distance between the analyzer centre and the sample centre: Z1 = 220 mm.
• Average distance between the analyzer centre and the sample centre:
mm.

L1
2

= 311

• L1 is the secondary flight path of the spectrometer, which is made of two equal
branches connecting the sample with the analyzer and then the analyzer with
the detectors.
• The HOPG analyzer has a trapezoidal shape with: W = 120 mm, H = 120
mm. The reflective surface is oriented towards the sample and the analyzer
area is ∼ 144 cm2 .
• The beryllium filter is a box having the following dimensions: W = 151.4 mm,
H = 121.4 mm and thickness T = 121.4 mm.
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B. Appendix
Principles of inverted geometry INS
measurements
As discussed in reference [4], the peculiarity of the inverted geometry spectrometer
like TOSCA is to receive a broad spectrum of neutron wavelengths on the sample
and to fix the final energy E1 , in order to perform a scan of the incident energy
E0 by means of the time-of-flight (TOF) technique. This arrangement opens the
possibility to scan a wide range in the neutron energy loss and it gives the ability
to study high energy losses in the sample by means of the TOF while keeping the
analyzer working at much lower energies, where the Bragg diffraction has its best
efficiency. The energy of the scattered neutrons E1 and the time t1 a neutron takes
to travel the secondary spectrometer are fixed by the analyzer system. In fact, in
compliance with the Bragg law of diffraction, the parameters that determine the
final energy are the analyzer d-spacing dA and the diffraction angle θA , where the
angle of incidence on the analyzer must equal the angle of diffraction. The final
quantities t1 , E1 can be calculated by the following set of equations:
ki =

2π
mvi
=
}
λi

(B.1)

λ1 = 2dA sinθA
π
k1 =
dA sinθA
t1 =

(B.2)
(B.3)

mL1
mL1 dA sinθA
=
}k1
π}

}2
π
}2 k12
E1 =
=
2m
2m dA sinθA


(B.4)
2

(B.5)

Therefore, the geometry of the secondary spectrometer allows to define t1 and the
unique feature of a pulsed source gives a precise time reference for the emission of
the neutrons from the target [22]. This combination of factors makes the time of
flight technique particularly effective in determining the energy loss of neutrons in
the sample [2]. In fact, we can measure the time t elapsed from the single pulse to
a detection event and thus, with Eq. B.6, we can calculate the time t0 a neutron
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takes to travel the primary branch of length L0 that leads ultimately in obtaining
the energy loss }ω by Eq. B.8.
mL1 dA sinθA
π}

2
L0
1
E0 = m
2
t0

t0 = t − t1 = t −

1
}ω = E0 − E1 = m
2
t−

!2

L0
mL1 dA sinθA
π}

(B.6)
(B.7)

}2
π
−
2m dA sinθA


2

(B.8)

To evaluate the energy resolution of such an instrument, one has to consider all the
different contributions that affect the uncertainty of the measurement:
• First, we have the divergence of the neutron impinging on the analyzer and
its mosaic spread that determine the angular uncertainty in the Bragg angle
∆θA , which leads to the scattered wave-vector spread ∆k1 .
∆|k1 |
= ∆θA cotθA
k1

(B.9)

• Then we must consider the spread in the incident energy, which is mainly
given by the uncertainty in the distance and in the timing over the primary
flight path. There are several contributions, the most important are the pulse
broadening caused by the moderator, the uncertainty due to the finite dimension of the sample, the time spread due to the analyzer thickness and the
time spread due to detector thickness. All this contributions are assumed to
be independent and can be summed in quadrature to calculate the total time
uncertainty ∆t.
We therefore can combine the errors in the scattered wave vector with the timing
errors of the system to obtain the uncertainty in the incident wave vector ∆k0 .
∆k0
=
k0

q

∆t2 + (t1 ∆k1 /k1 )2

(B.10)

t0

Let us take into account Eq. B.10 and convert for convenience the timing errors in
an error over the distance using Eq. B.11.
δ=

}k0 ∆t
m

(B.11)

Now, in Eq. B.12 it is finally possible to evaluate the resolution of the inelastic
scattering with incident energy E0 [4].


 δ
∆}ω
=2
 L0
E0
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L1
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From the above equation, it is evident that some choices on the secondary geometry
can influence the final resolution. Namely, the resolution is improved when the
analyzer is placed in the back-scattering position, where the term cotθA → 0, and
the primary and secondary branches ratio L1 /L0 should be minimized in order to
reduce the last term in Eq. B.12.
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C. Appendix
Energy calibration of the detector
array
The values in Tab. C.1 were calculated by means of the TOSCA McStas model with
a 12 x 12 cm2 flat analyzer and an incident wavelength range from 3 Å to 7 Å.
The energy transfer has to be calculated separately for each detector considering
the different characteristic energy tabulated above. In this way the energy focusing
is fully exploited to achieve the resolution of ~ 300 μeV.
Detector

1
2
3
4
5
6
7
8
9
10
11
12
13

Elastic peak centre
(meV)
∓ 0.01
3.09
3.20
3.30
3.40
3.52
3.61
3.71
3.85
3.95
4.08
4.19
4.35
4.50

Intensity (10-6 )
∓ 0.001
0.335
0.365
0.392
0.412
0.436
0.459
0.477
0.496
0.517
0.536
0.556
0.562
0.540

Table C.1. – Center of the elastic peak recorded by each single detector in the array.
The intensity is normalized by the incident intensity on the sample.
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D. Appendix
Simulation results of the TOSCA
analyzer
In the tables Tab. D.1 and Tab. D.2, one can see the performance of each configuration for associated intensity, resolution and figure of merit. The reference dataset
is the 12 x 12 cm2 flat analyzer (first row) which is assumed to resemble closely
the current situation at TOSCA and has parameters such as area A0 , intensity I0 ,
resolution R0 . We therefore consider the Figure of Merit (hereafter FoM), described
in Eq. D.1, to depict the effectiveness of each i-th configuration.


F oMi =

(Ii − I0 ) (Ri − R0 )
A0
−
+
Ai
I0
R0


(D.1)

The performance calculations refers to the elastic line with an incident beam from 3
Å to 7 Å, as detected by the B3 detector bank. Each analyzer is made from HOPG
tiles of 10 x 20 mm2 (W x H) with mosaicity η = 2.5° (150 arcmin) in both vertical
and horizontal direction.
Configuration

Area
(cm2 )

12x12 flat
12x12 RV-1 =0.4
12x12 RV-1 =0.7
15x9 flat
15x10 flat
15x10 RV-1 =0.2
15x10 RV-1 =0.5

144
144
144
135
150
150
150

Intensity (10-6 )
17.50
21.50
22.60
19.1
19.80
21.50
22.80

∓
∓
∓
∓
∓
∓
∓

0.03
0.09
0.09
0.1
0.08
0.09
0.09

Resolution %
7.6
6.75
5.72
7.49
7.8
7.28
6.47

∓
∓
∓
∓
∓
∓
∓

0.1
0.09
0.09
0.08
0.2
0.09
0.09

Gain
1.00
1.23
1.29
1.09
1.12
1.23
1.30

∓
∓
∓
∓
∓
∓
∓

0.01
0.01
0.01
0.01
0.01
0.01
0.01

FoM
1.00
1.33
1.53
1.13
1.07
1.24
1.42

∓
∓
∓
∓
∓
∓
∓

0.01
0.01
0.01
0.01
0.01
0.01
0.01

Table D.1. – Performance calculations in relation to the small size analyzers with
the parabolic curvature along the vertical axis. The intensity is calculated with
a neutron bandwidth from 3 Å to 7 Å and normalized by the incident neutron
intensity on the sample, it can be related to the detection probability of a neutron
impinging on the sample.
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Configuration
12x12 flat
15 rows parabolic
RH-1 =1.1, RV-1 =0.7
15 rows spherical
RH=0.5, RV=0.75
20 rows parabolic
RH-1 =1.755,
RV-1 =0.875
20 rows spherical
RH=0.35, RV=0.55
25 rows parabolic
RH-1 =1.748,
RV-1 =0.9
25 rows spherical
RH=0.355,
RV=0.667

Area
(cm2 )

Intensity
(10-6 )

Resolution %

Gain

FoM

144

17.20 ∓ 0.02

7.92 ∓ 0.02

1

1

570

69.37 ∓ 0.05

8.05 ∓ 0.06

4.03 ∓ 0.01

3.46 ∓ 0.03

570

67.10 ∓ 0.05

7.84 ∓ 0.06

3.90 ∓ 0.01

3.41 ∓ 0.03

960

108.0 ∓ 0.1

7.59 ∓ 0.06

6.28 ∓ 0.01

5.71 ∓ 0.05

960

97.6 ∓ 0.2

7.31 ∓ 0.06

5.67 ∓ 0.01

5.14 ∓ 0.05

1450

119.0 ∓ 0.2

7.90 ∓ 0.06

6.92 ∓ 0.01

6.24 ∓ 0.06

1450

99.9 ∓ 0.1

8.05 ∓ 0.06

5.81 ∓ 0.01

5.11 ∓ 0.04

Table D.2. – Performance calculations in relation to the extended size analyzers
with double curvatures. The intensity is calculated with a neutron bandwidth from
3 Å to 7 Å and normalized by the incident neutron intensity on the sample, it can
be related to the detection probability of a neutron impinging on the sample.

The values of the optimal curvature were found by means of a numerical optimization
process and the results are not far from the theoretical value given by the condition of monochromatic focusing cited in [9], where the radius of curvature R* that
achieves the monochromatic focusing (i.e. it selects the narrowest wavelength range)
is dependent on the sample-analyzer mean distance L, on the analyzer d-spacing d
and on the desired scattering vector k1 , as shown in Eq. D.2 for configuration with
point-like elements. The final resolution gets worse as the chosen analyzer curvature
departs in either direction from R*.
π
1
=
R∗
Ldk1
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E. Appendix
Gain and resolution analysis
Gain A Monte Carlo calculation was performed for each value of mosaicity using
an incident wavelength range on the sample of 3 Å ≤ λ ≤ 7 Å . For each dataset,
the spectrum from the each i-th detector was analyzedR independently to retrieve the
integral of the elastic line. The elastic
line integral Di (λ)dλ was normalized by
R
the integrated flux on the sample S(λ)dλ, in order to get a detection probability
Pi for each i-th detector of the array.
R

Pi = R

Di (λ)dλ
S(λ)dλ

(E.1)

The total detection probability of the bank Ptot was given by the sum of the values
obtained from all the detectors.
Ptot =

X

Pi

(E.2)

Finally the gain G of a single dataset is obtained by dividing Ptot by the current
TOSCA total detection probability P0 , obtained from previous calculations of the
current secondary spectrometer.

G=

Ptot
P0

(E.3)

Resolution Each elastic line from the 13 detectors were fitted independently with
a Gaussian function to retrieve FWHM in meV, while the simulated incident wavelength range on the sample was 3 Å ≤ λ ≤ 7 Å. The elastic line FWHM was divided
by the peak position in energy to get the resolution Ri of the i-th detector. Since
the count-rate of the detectors varies across the array, the average elastic resolution
R was calculated by means of a weighted average, where the weights are the Pi
(detection probability) of the detectors, after taking into account the energy overlap
between signals from the different detectors.
P

R=

Ri Pi
Ptot

(E.4)

43

Appendix
Gain and resolution analysis

Chapter E
Results
• Analyzer area: 960 cm2

• Curvature: parabolic (RH-1 = 1.755 m-1 , RV-1 = 0.875 m-1 )
• Wavelength range: 3 Å ≤ λ ≤ 7 Å
• Reference dataset (current secondary): 144 cm2 flat analyzer, 140 arcmin mosaicity, R = 8.0%, Gain = 1
Mosaicity
(arcmin)
150
180
210
240
270
300

R (%)
err ± 0.2
8.0
8.4
8.9
9.2
9.4
9.6

Gain (a. u.)
err ± 0.3
6.3
7.6
8.8
10.0
11.2
12.3

Table E.1. – Gain and resolution of the 960 cm2 parabolically curved analyzer in
relation to the 144 cm2 flat analyzer, as a function of the curved analyzer mosaicity.
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Nomenclature
B3

Backscattering bank 3

HOPG

Highly oriented pyrolytic graphite

INS

Inelastic neutron scattering

L0

Primary branch of the spectrometer

L1

Secondary branch of the spectrometer

PSD

Position sensitive detector

TOF

Time of flight
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