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Abstract

:

Neutrons are a powerful probe in material science with unique penetrating abilities. A major challenge stems from the fact that neutron optical devices are limited to refractive indices on the order of   n ≈ 1 ±  10  − 5    . By exploiting advances in precision manufacturing, we designed and constructed micro-meter period triangular grating with a high-aspect ratio of   14.3  . The manufacturing quality is demonstrated with white-light interferometric data and microscope imaging. Neutron-scattering experiment results are presented, showing agreement with refraction modelling. The capabilities of neutron Fresnel prisms and lenses based on this design are contrasted with existing neutron focusing techniques, and the path separation of a prism-based neutron interferometer is estimated.
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1. Introduction


Neutrons possess the unique ability to deeply penetrate materials due to their zero charge, making them unparalleled probes of bulk material. In particular, neutron optics has established itself as an indispensable tool for measuring material properties and probing internal magnetic and phonon interactions [1,2]. In Small-Angle Neutron-Scattering (SANS) experiments, a compound refractive lens (CRL) is often used to focus an incident neutron beam. CRL devices use a series of lenses, in some cases up to 30 individual elements [3,4,5]. These devices, while effective, require large amounts of material to construct, resulting in a significant amount of beam attenuation. Alternatives to neutron CRL devices which circumvent these limitations include lenses that utilize magnetic fields [6,7,8,9,10,11,12,13], focusing capillaries [14,15], Wolter mirrors [16], and Fresnel lenses [17]. Recent work attempts to overcome the limited range of refractive indices available to neutrons by leveraging magnetic fields, structuring neutron wavefronts through the spin degree-of-freedom [18,19,20]. Other research has generated structured neutron wavefronts by applying nano-scale gratings to generate orbital angular momentum states [21].



In addition to SANS methods, neutron optics has expanded to include a wealth of techniques from polarized neutron experiments [22,23,24], single-crystal interferometers [25,26,27,28,29], and grating-based neutron interferometers [30,31,32,33]. The first neutron interferometer was built with two prisms that caused Fresnel interference by means of wave front division [34]. With this device, a path separation of only 60 μm was obtained, which was later improved to a few centimeters with a perfect crystal Mach–Zehnder interferometer relying on Bragg diffraction [35]. The perfect crystal interferometer allowed for a number of investigations on neutron properties and interactions with unprecedented precision [36,37,38,39,40] but suffered some important drawbacks, including a narrow wavelength acceptance and difficulty of fabrication [41,42,43,44].



Utilizing a diamond turning machine, we have fabricated a high aspect ratio structure of refractive prisms that deflects a neutron beam. In this work, we demonstrate a functioning triangular array refractive prism (TARP) with neutrons at the BT-5 Ultra-Small-Angle Neutron-Scattering (USANS) instrument located at the National Institute for Standards and Technology (NIST) Center for Neutron Research (NCNR) facility [45]. Experimental results are compared to theoretical predictions based on Snell’s Law. The effects of manufacturing imperfections are simulated and compared to experimental USANS results. The TARP functions as a Fresnel prism and enables prism-based neutron interferometers to create path separations larger than previously possible. The micro-prisms used in this TARP device also enable the construction of next-generation neutron-focusing devices.




2. Materials and Methods


2.1. Micro-Prism Fabrication


High-aspect ratio prisms can now be manufactured due to the availability of an ultra-high-precision machining center (Moore Nanotech 350FG [46]) which features C-axis control and live tooling. The individual prisms were fabricated from a 5052-O aluminum ring of 38 mm outer diameter (OD), 25 mm inner diameter (ID), and thickness of 250 μm that is held on an aluminum chuck. The full aluminum ring is shown, after machining was complete, in Figure 1a. This accommodates mounting by a wax (Crystal bond 509-3), allowing the aluminum ring to be dismounted via either heating or dissolving the wax in acetone. The choice of material, fully annealed 5052-O aluminum, was dictated by its strength and formability, coupled with the material’s heat resistance, allowing the aforementioned wax to be heated without damaging the finished aluminum prisms. First, the backside of the ring is turned using diamond tooling to create a flat surface with a surface finish of 20 nm roughness average (Ra). The now flat reference face is remounted to the chuck to ensure a seating of better than 3 μm parallelism with the chuck face. The remounted ring is then segmented radially by an auxiliary milling spindle into pieces 5.4 mm wide at their base and 8.5 mm wide at the prism apex, the segmented ring is shown in Figure 1b. The finishing operation involves diamond turning a flat face with a 140 μm target thickness from 25 mm ID to 29 mm OD transitioning into a conical face, starting at 29 mm OD and tapering to zero thickness at 37 mm OD.



The 2   ∘   angle of the radial cross-section of each segment has an uncertainty of 0.02   ∘   arising from two sources. The first uncertainty is due to the parallelism of the front and back faces, which was measured by the maximum variation in thickness (3 μm) at the OD of   38    m m    after facing a ring without conical features, resulting in an uncertainty of 0.005   ∘  . The second, and more significant source, of uncertainty arises from the fact that the angled prism segment is machined radially, as shown by black dashed lines in Figure 1b which indicate the 2   ∘   surface. This causes the prism surface at the edge of each prism to be a hyperbolic curve, as opposed to the uniformly angled surface which would be expected of a prism. This curved surface, when fit to a straight line, will have a surface angle of 1.98   ∘  , as opposed to the 2.00   ∘   flat surface in the middle of each prism segment. Therefore, the maximum angle deviation due to the conical shape of each segment is determined to be 0.02   ∘   at the region furthest from the center line. The most unpredictable error in the deviation from a perfect prism is due to the extremely thin apex of the prisms, which deforms at the slightest pressure. Heating the chuck to release the segments showed severe buckling of all apices likely attributed to uneven rates of thermal expansion. Therefore, the piece was unmounted by dissolving the mounting wax in acetone instead of raising the temperature. After releasing the segments and gently cleaning, without agitation, the segments were assembled into the TARP device. The base of each prism (shown in Figure 1b with a base length of   5.4    m m   ) was placed in an aluminum vice, stacking subsequent prisms on this flat base segment. A fine pitch screw was then used to squeeze these flat regions at the base of the prism together, resulting in an assembled TARP device.



The manufacturing quality of the TARP was first evaluated using white-light interferometry and optical microscopy. Fitting sampled surface height values along the blue line in Figure 1c, we find the surface to be angled at   1 .  999 ∘  ± 0 .  001 ∘   , matching the designed surface angle of   2 ∘  . The residual of this fit, shown in Figure 1d, indicates that, within this region, surface form is straight to within   ± 0.1    μ m   . Once this annulus is cut and assembled, the alignment and spacing of prisms in the TARP can be measured by comparing the separation of the prism apices at different locations on the optical microscope image. Figure 2a shows red points where the prism peak is detected along each vertical slice of pixels. Each series of red points corresponding to a single prism are then linearly fit to extract a series of slopes,   m i  , and intercepts,   b i  . Figure 2b shows these y-intercepts,   b i  , which are again linearly fit to determine that the spacing between prism peaks is   141    μ m  ± 3    μ m   . The slopes,   m i  , show a variation in the alignment of these prisms with a standard deviation of   ± 0 .  3 ∘   . A histogram of these slope values can be seen in Figure 2c. The high aspect ratio,   14.3  , suggests that the TARP prototype would be capable of deviating a neutron beam equivalent to a single prism that is   3    m m    wide and   85.9    m m    in height.



The refractive characteristics of the TARP were tested using cold neutrons at the BT-5 USANS instrument located at the NCNR facility [45]. The experimental arrangement is shown in Figure 3a.




2.2. Device Modelling


The neutron ray deflection was calculated by propagating rays across material boundaries using Snell’s Law. Taylor-expanding the resulting equations about   n = 1  , we can obtain the well-known approximation for prism deflection [47]. Applying this to each side of the first and second prism that a neutron encounters, we find deflection angles,   Δ  θ  a , i    , where the subscript a indicates which prism side a neutron exits, and subscript i denotes the number of prisms a neutron has encountered.


     Δ  θ  h , 1       ≈ ( 1 − n ) [ tan ( π / 2 − β − θ ) + tan ( θ ) ] ,     



(1)






     Δ  θ  s , 1       ≈ ( 1 − n ) [ tan ( π / 2 − θ ) + tan ( θ ) ] ,     



(2)






     Δ  θ  h , 2       ≈  ( 1 − n )  [ tan  ( β − π / 2 − θ − Δ  θ  h , 1   )  + tan  ( π / 2 + θ + Δ  θ  h , 1   )  ] ,     



(3)






     Δ  θ  s , 2       ≈  ( 1 − n )  [ tan  ( − π / 2 + θ + Δ  θ  s , 1   )  + tan  ( π / 2 − θ − Δ  θ  s , 1   + β )  ] ,     



(4)







For rays incident at an angle,  θ , to a prism of angle  β . Imperfections in the prism manufacturing will result in flat prism apices, as shown in Figure 3c, the effect of which can be modelled by applying Snell’s Law directly to neutrons which encounter these flat apex regions.



Using these approximations, we can model the TARP with neutron rays in a Monte Carlo simulation. These rays have a wavelength and initial angle that is drawn from two Gaussian distributions, corresponding to the BT-5 instrument’s wavelength range and the Darwin width of the monochromator, respectively [45]. Neutron rays possess an additional angle, correlated to its wavelength, labelled   θ D  , caused by a monochromator which functions via the Bragg diffraction. From here, the rays are propagated across each prism boundary, with Snell’s Law dictating the angular deflection. Prisms in this model have flat prism apices, as opposed to perfectly sharp peaks. This effect can be seen in Figure 3c, where the outline of a perfect prism apex is shown with a dotted line. The flat apex of these prisms models the effect of buckling at the thinnest region of the prisms. Neutrons may also encounter adjacent prisms after exiting the first prism. The resulting beam deviation is then the difference between the final propagation angle of each ray and the incident ray angle. As the analyzing crystal also operates via Bragg diffraction, the angle   θ D   is subtracted from the final angle of each ray. This procedure is repeated at each sample angle with the Gaussian distribution of initial ray angles shifted by the sample angle.





3. Results


At the BT-5 instrument, three sets of USANS data were taken, each consisting of a series of rocking curves at different ranges and step sizes of both sample and analyzer angles. In total, 46 sample angle positions were measured with 213 analyzer angles. These three datasets were then combined by linearly interpolating the lower resolution scans such that all three datasets had resolutions of    ( 1  ·   10  − 4   )  ∘   in the analyzer angle and    0.1 ∘    in the sample angle. With equal resolutions, these three datasets can then be combined by averaging regions where multiple datasets overlap, producing the density plot shown in Figure 4a. In order to extract meaningful values from a fit of the approximate deviation in Equations (1) to (4), the sample angle axis of the experimental data must be aligned with    θ s  =  0 ∘   , as defined by the device. This can be achieved by comparing experimental plots of a constant sample angle,   θ s  , to the simulation. At   θ =  −  1 ∘     for   β =  2 ∘   , the primary scattering peaks are of equal magnitude and this feature can be used to align the sample. The comparison of simulation to the experiment shown in Figure 4b allows us to specify this point in the experiment as    θ s  =  −  1 ∘   ±   0.12 ∘    . Furthermore, the Lorentzian-like tails of the scattered peaks arise due to misalignment of individual prisms in the TARP, as well as variance in the neutron wavelength and incident angle at the device. The effective wavelength distribution and divergence angle of the instrument, including apertures used in the experiment, can be measured by fitting the peak shape at    θ s  =  −  1 ∘    , assuming a Gaussian distribution for both values. This results in a wavelength range of   2.38   Å ± 0.05   Å   and initial ray angle of   ±   ( 0.38  ·   10  − 3   )  ∘   . The central peak seen in experimental data can be modelled by accounting for neutrons which exit a prism through the flat apex shown in Figure 3c. Using a least-squares fit, the average prism apex width was    w  a p e x   = 15.0    μ m  ± 0.5    μ m   .



Figure 4a shows a false-colour representation of the neutron intensity from the single-pixel detector at each sample angle,   θ s  , and Bragg analyzer angle,  α . From the data, a central peak along   α =  0 ∘    can be seen at each sample angle, with two roughly symmetric peaks diverging toward either positive or negative analyzer angles,  α . Four peaks can be observed in total, with the two primary peaks nearest to    θ s  = −  1 ∘    arising due to refraction from a single prism, while the secondary peaks arise from neutron rays that exit the initial prism and refract within the adjacent prism.



Agreement between theory and experiment can be demonstrated by comparing the theoretical material index of refraction to the value obtained by fitting Equations (1) to (4) with a free parameter   ( 1 − n )  . The data were fit as shown in Figure 4a, and the resulting material index value is   n = 1 −  ( 1.95 ± 0.09 )   ·   10  − 6    , which is within   95  %   confidence agreement with the expected value of   1 − n = 1.93  ·   10  − 6     for the aluminum alloy used in these prisms.



The simulated beam deviation is shown overlaying the experimental data in Figure 4b. From this, we can see qualitative agreement between the simulated prisms and our experiment using the theoretical material index. The undeviated central peak seen in the USANS measurement is accounted for by a prism with a flat apex   15    μ m    in width. We can define the relative efficiency of this manufactured TARP as the ratio between the expected beam deviation area for an ideal TARP (shaded area in Figure 4b) and the total area of the measured refraction peak. Therefore, we find that at    θ s  = −  1 ∘    our device has a relative efficiency of    η  −  1 ∘    = 93.2  %  . Two other sample angles of interest are when    θ s  = β  , which has    η  −  2 ∘    = 71.5  %  , and when the sample is perpendicular to the beam,    η  0 ∘   = 62.9  %  .




4. Discussion


We have designed and fabricated a neutron optical device which utilizes an array of high-aspect ratio micro-prisms to deviate a neutron beam with high efficiency. The TARP has been modelled with Snell’s Law and experimental data have been fit to measure material index of refraction, which agrees with the accepted value for aluminum 5052-O. The fabrication methods described here can be applied to a refractive prism neutron interferometer or to construct a Fresnel lens with micro-prisms. To compare the TARP with current state-of-the-art neutron optical devices, we plot a quality-factor, similar to the figure-of-merit in the Ref. [48], which will quantify the total beam deviation normalized to the attenuation caused by each neutron prism design.



There are two obvious methods of combining the beam deviation,   Δ θ  , and transmission fraction, T, first these two values can be multiplied,    Q 1  = Δ θ  ·  T  , and the second by dividing beam deviation by the absorption fraction,    Q 2  =   Δ θ   1 − T    . We will calculate beam attenuation using the penetration depth,  δ , and the average length of material a neutron propagates through, t, thus,   T =  e  − t / δ    . Assuming a constant prism base width, w, for every design, the average thickness a neutron penetrates will be given by   t =  w  2 tan β    . Figure 5a illustrates the significant increase in prism quality-factor,   Q 1  , as the prism angle decreases. Different materials are considered, and plotted as red lines of different styles (i.e., dotted, dashed). Prism angles utilized in other neutron prism experiments are shown in solid vertical lines, with the TARP shown in black. The prisms of the Ref. [49] are shown in red, and both prisms described in the Ref. [48] are shown in dark and light blue.



Our analysis thus far has considered neutrons incident to the base of a prism as in the TARP design, but there is a second case that is of interest. To describe the deviation of a neutron in the first case, as shown in Figure 5b, we can use Equation (1) to estimate a beam deviation,


  Δ  θ 1  ≈   1 − n  β  ,  



(5)




where the prism angle,  β  is again in radians. For the second case, consider a neutron incident to the side of an isosceles prism as shown in Figure 5c, where the neutron deviation is given by


  Δ  θ 2  ≈ 2  ( 1 − n )  tan   ξ 2   ,  



(6)




where the prism angle,  ξ  is in radians.



Equation (5) describes a neutron deflected by a prism in the same orientation as the TARP, therefore the prism angle,   β ∼  1 ∘   . Equation (6) applies to neutron prisms similar in design to the Refs. [48,49], and therefore has a   ξ ∼  90 ∘   . Plotted in Figure 5d is a comparison of the neutron deviation from these designs, both as a function of prism angle,  ξ , as labelled in Figure 5b,c. This plot clearly shows the significantly increased neutron deviation which can be achieved using a TARP design with small prism angles.



The beam fraction deviated by the triangular array, seen in Figure 4c, indicates that this device can effectively deviate   93.2  %   of the transmitted beam intensity. This demonstrates a significant increase in efficiency compared to previous neutron optical devices, such as the CRL device, whose absorption and scattering from manganese alone reduces the neutron beam down to   84.7  %   transmission.



The beam deviation offered by the TARP can be used to construct a neutron interferometer. Early experiments in neutron interferometry made use of refractive prisms to coherently separate   4.4   Å   neutrons by   60    μ m    over a   10   m   flight path [34]. Utilizing the TARP examined in this work, a separation of   870    μ m    is achievable with the   2.38   Å   neutrons used to test the sample, implying that a separation of   3    m m    is realizable with   4.4   Å   neutrons over   10   m  . While the coherence properties of beams refracted by the TARP have not been studied, a neutron interferometer with a beam separation of   60    μ m    could be achieved with a beam-line of less than   1   m   using two TARP devices similar to what was shown here.



The fabrication methods described here can also be applied to construct a Fresnel lens of micro-prisms to achieve shorter focal lengths than what is currently accessible through neutron lenses, with an intensity gain significantly larger than existing lenses. The reduction in material thickness also significantly lowers neutron losses due to absorption and scattering, while also allowing the possibility of working with expensive materials such as Nickel isotopes or magnetic materials.
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Abbreviations


The following abbreviations are used in this manuscript:



	SANS
	Small angle neutron scattering



	CRL
	Compound refractive lens



	TARP
	Triangular array refractive prism



	USANS
	Ultra-small angle neutron scattering



	OD
	Outer diameter



	ID
	Inner diameter



	Ra
	Roughness average
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Figure 1. (a) Micro-prisms before assembly into the TARP. Here, the angled faces of each prism can be seen tapering radially, and each prism has been segmented into equal pieces. These pieces are then assembled with the non-angled section at the base of each prism. A single prism element, expanded in (d), is shown within a red box. (b) Enlarged image of a single prism segment whose angled surfaces, indicated with black dashed lines, are machined to   2 ∘  . Labels indicate prism base width, peak width, and prism height. Note that these width dimensions are the cord length of segmented rings which form the base and apex of the prism. (c) White light interferometry data showing the machined surface of the prism segment. Density plot colour shows surface height, where the flat base of the prisms is shown in red and the sloped face can be seen with varying colours. Surface imperfections can be observed which correspond to a surface finish of 20 nm roughness average (Ra). Points along the blue line were sampled to measure the angle of this surface. (d) These points show an angle of   1 .  999 ∘  ± 0 .  001 ∘   . This angle matches the designed surface angle of   2 ∘  . The residual plot shown below indicates that within this region, the surface form is straight to within   ± 0.1    μ m   . 






Figure 1. (a) Micro-prisms before assembly into the TARP. Here, the angled faces of each prism can be seen tapering radially, and each prism has been segmented into equal pieces. These pieces are then assembled with the non-angled section at the base of each prism. A single prism element, expanded in (d), is shown within a red box. (b) Enlarged image of a single prism segment whose angled surfaces, indicated with black dashed lines, are machined to   2 ∘  . Labels indicate prism base width, peak width, and prism height. Note that these width dimensions are the cord length of segmented rings which form the base and apex of the prism. (c) White light interferometry data showing the machined surface of the prism segment. Density plot colour shows surface height, where the flat base of the prisms is shown in red and the sloped face can be seen with varying colours. Surface imperfections can be observed which correspond to a surface finish of 20 nm roughness average (Ra). Points along the blue line were sampled to measure the angle of this surface. (d) These points show an angle of   1 .  999 ∘  ± 0 .  001 ∘   . This angle matches the designed surface angle of   2 ∘  . The residual plot shown below indicates that within this region, the surface form is straight to within   ± 0.1    μ m   .



[image: Qubs 07 00010 g001]







[image: Qubs 07 00010 g002 550] 





Figure 2. (a) Microscope image of assembled TARP device with peak locations labelled with red dots. Peaks are detected along each vertical slice of pixels. Peak locations along a single horizontal prism are fit to a line which is then used to determine prism spacing and alignment. (b) The y-intercepts of each linear fit from (a) are plotted and fit to a line. The slope of this line corresponds to the average spacing of the prism peaks. The y-intercept of this line indicates the position of the first prism peak relative to the top of the camera and therefore is not shown in this plot. (c) Histogram of the slope of fit lines from (a). This shows that prism alignment has a standard deviation of   ± 0 .  3 ∘   . 
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Figure 3. (a) Experimental apparatus used to measure beam deviation from the TARP. Small angle deviations are measured by utilizing a crystal applying Bragg diffraction to select a particular deviation angle caused by the sample. The neutron beam had a wavelength of   2.38   Å ± 0.05   Å  , accounting for the reduction in wavelength at the sample due to Bragg refraction off the monochromator and the slit placed before the TARP device. The angles  α  and   θ s   correspond to the analyzer angle and sample angles, respectively. (b) Scaled schematic of TARP, where the red dashed box indicates the region which is magnified and shown with an exaggerated scale in (c). The aspect ratio shown here (>14) is correct for the prototype TARP. (c) Schematic of the TARP showing the arrangement and length scale of each prism. The neutron path and corresponding outgoing angle of the four possibilities modelled in Equations (1) to (4) are indicated as green lines. Imperfect prism apices are modelled as flat tops, shown here, with dashed lines indicating the ideal prism apex. 
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Figure 4. (a) Ultra-small-angle neutron-scattering (USANS) results from the TARP where a false colour corresponds to the logarithm of counts. Scattering peaks have been fit to a Gaussian to extract the peak maximum. Red and pink lines correspond to first- and second-order theoretical scattering curves, respectively, fit to these peaks. Curves are calculated via Equations (1) to (4), accounting for the BT-5 wavelength distribution, and fit with a free-fit parameter for material index. Dashed lines show the   95  %   confidence interval of this fit. This fit returns a material index of   n = 1 −  ( 1.95 ± 0.09 )   ·   10  − 6    . The dashed yellow line indicates a sample angle of    θ s  = −  1 ∘   . (b) Comparison of the TARP USANS measurements (blue) with Monte Carlo simulation (red) taken at   θ = −  1 ∘   . The shaded area in blue denotes the region where beam deviation is expected from the simulation of an ideal TARP, with perfect apices. Uncertainty on neutron counts is shown for a subset of analyzer measurement angles. Neutron ray deviations from USANS experiments with the TARP show qualitative agreement with simulations. 






Figure 4. (a) Ultra-small-angle neutron-scattering (USANS) results from the TARP where a false colour corresponds to the logarithm of counts. Scattering peaks have been fit to a Gaussian to extract the peak maximum. Red and pink lines correspond to first- and second-order theoretical scattering curves, respectively, fit to these peaks. Curves are calculated via Equations (1) to (4), accounting for the BT-5 wavelength distribution, and fit with a free-fit parameter for material index. Dashed lines show the   95  %   confidence interval of this fit. This fit returns a material index of   n = 1 −  ( 1.95 ± 0.09 )   ·   10  − 6    . The dashed yellow line indicates a sample angle of    θ s  = −  1 ∘   . (b) Comparison of the TARP USANS measurements (blue) with Monte Carlo simulation (red) taken at   θ = −  1 ∘   . The shaded area in blue denotes the region where beam deviation is expected from the simulation of an ideal TARP, with perfect apices. Uncertainty on neutron counts is shown for a subset of analyzer measurement angles. Neutron ray deviations from USANS experiments with the TARP show qualitative agreement with simulations.



[image: Qubs 07 00010 g004]







[image: Qubs 07 00010 g005 550] 





Figure 5. (a) Quality-factor,   Q 1  , for a neutron prism, calculated using beam deviation and neutron transmission fraction,    Q 1  = Δ θ  ·  T  , as a function of prism angle. Here, it is clear that smaller prism angles provide a significant increase in prism quality-factor. Note that this plot is shown in logarithmic y-scale. Different materials are considered, and as black lines of different style (i.e., dotted, dashed). Prism angles utilized in other neutron prism experiments are shown in solid lines, with the TARP shown in black, the prisms of the Ref. [49] shown in red, and both prisms described in the Ref. [48] shown in dark and light blue. (b) Schematic of prism orientation used in the TARP device, with both the prism angle  β  and complementary angle,  ξ , labelled. (c) Schematic of prism orientation used in the Refs. [48,49] with prism angle,  ξ , and neutron ray shown as a green arrow. (d) Comparison of neutron deviation from prism orientations shown in (b,c) plotted in blue and black, respectively. 
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