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Towards new generation long trace profiler LTP-2020: System design 
with different sensors in different operation modes  

Valeriy V. Yashchuk*a, Kevan Andersona, Grant D. Cutlera, Jeff Dickerta, Damon Englisha,    
Ralf D. Geckelerb, Ian Laceya, and swflectometrya,c  

aLawrence Berkeley National Laboratory, One Cyclotron Road, Berkeley, CA 94720, USA; 
bPhysikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany;  

cSurface Metrology Solutions, LLC, 19 South First Street, B-901, Minneapolis, MN 55401, USA 

ABSTRACT  

The thorough realization of the advantages of the new generation x-ray light sources, such as the Upgraded Advanced 
Light Source (ALS˗U) under construction, requires near-perfect x-ray optics, capable of delivering light without 
significant degradation of brightness and coherence. The stringent requirements of beamline optics drive the state of the 
art in ex situ optical metrology. Here, we present the results of the ongoing efforts at the ALS X-Ray Optics Laboratory 
to develop a new generation long trace profiler, LTP-2020. We discuss the system design that incorporates different 
types of surface slope sensors. In addition to the classical pencil beam interferometry (PBI) sensor with an improved 
optical design, we develop a deflectometry sensor based on a customized electronic autocollimator (AC). By applying a 
new data processing algorithm to the AC raw image data available from the customized AC, we significantly reduce the 
quasi-periodic systematic error of the AC equipped with a small size aperture. We also treat the possibility to use the AC 
as a PBI sensor with external light beam sources based on super-luminescent emitting diode (SLED) and single-mode 
laser diode (SMLD). Operation modes with stationary and/or translated sensors are possible due to the two-carriage 
gantry system with adjustable vertical position. The variety of the available operation modes allows optimization of the 
LTP-2020 experimental arrangement for providing the best possible performance in measurements with state-of-the-art 
aspherical x-ray optics, variable-line-spacing diffraction gratings, and multi-element optical systems.  

Keywords: surface slope metrology, long trace profiler, pencil beam interferometry, angular deflectometry, electronic 
autocollimator, synchrotron optics, x-ray mirror metrology, diffraction grating characterization 
 

1. INTRODUCTION  

In order to thoroughly realize the potential of the new generation x-ray light sources, fully coherent free electron lasers 
(FELs) and diffraction-limited-storage-rings (DLSR), such as the Upgraded Advanced Light Source (ALS˗U) under 
construction [1], we need near-perfect x-ray optics, capable of delivering light without significant degradation of 
brightness and coherence. The desired mirrors are often specified with residual (after subtraction of an ideal shape) 
surface slope and height errors of < 50-100 nrad (root-mean-square, rms) and < 1-2 nm (rms), respectively, with tight 
requirements to the allowed power spectral density and correlation lengths of the surface errors. For many advanced 
applications, such as nano-focusing and aberration-free monochromator beamlines, the desired mirrors are significantly 
curved in the tangential (along the beam) direction with extremely high sagittal (across the beam) curvature, presenting 
formidable challenges to 3D full surface metrology (for a review, see Refs. [2-6] and references therein).  

Because significant x-ray reflectivity can be achieved only at small values of the grazing incidence angle, these 
requirements necessitate optics with lengths of the clear aperture (CA) of up to one meter in the tangential direction. The 
size of the beam and, correspondingly, the size of the CA in the sagittal direction is much smaller. The strong asymmetry 
of the geometry between the tangential and sagittal directions leads to the gravity sag effect to the mirror shape that 
depends on optics application in face up, face down, or side-facing deflection orientations [7˗9].  

The ex-situ metrology that supports the optimal configuration of these optics at the beamline must offer corresponding 
functionality and performance in measurements with the optics alone and, most challenging, with the optical assemblies 
in the arrangement as close as possible to the under operating conditions (see, for example, Refs. [10-12]). 
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The peculiarities of the x-ray optics, their large size and different application arrangements, lend themselves naturally to 
measurements by surface profilometry, where the measurements are performed sequentially with point-by-point 
(subarea-by-subarea) scanning over the surface under test (SUT). This is opposite to the ‘in parallel’ measurement where 
the entire CA is mapped in a single acquisition that requires a tool with an extremely large field of view.  

At the optical metrology laboratories at x-ray facilities, the most common instruments used for surface shape metrology 
are the surface slope-measuring deflectometers [13-32]. Surface profilometry in the height domain, such as that based on 
Fizeau interferometry with stitching, [33-42] appears to be much more complicated. This is due to the absolute character 
of the height measurements, where the sensor’s height and alignment variations in the course of the sensor translation 
over the SUT directly contribute to the measurement error, along with retrace error that depends on the surface curvature 
[43]. Unlike surface profilometry in the height domain, surface slope measurements have a ‘differential’ character where 
sensors are practically insensitive to the variation of the distance between the SUT and the translating deflectometer’s 
sensor.  

The two most prevalent slope measuring instruments used to characterize x-ray optics are the long trace profiler (LTP) 
[14-23], using pencil beam interferometry (PBI) [44-46], and the electronic autocollimator (AC) based profilers such as 
the NOM (nanometer optical measuring) system at HZB/BESSY-II [24,25] and similar systems at various other facilities 
[26-32]. Each type of sensor has its advantages and disadvantages. The particular choice depends on the tool’s intended 
application.  

NOM-like profilers, based on different models of the most advanced industrial electronic autocollimator, the  
ELCOMAT 3000, [47] have been shown to be capable of very high accuracy (below 50 nrad; see, for example, Refs. 
[31,32]) surface slope measurements with x-ray mirrors. The accuracy achievable in the measurements with properly 
calibrated ACs is generally higher than that of the LTP-type deflectometers. However, the ELCOMAT AC based 
profilers are fundamentally unsuited for characterization of x-ray diffraction gratings. This is because of the broad-band 
non-coherent light-emitting diode (LED) light source used in the ACs.  

Unlike the AC˗based tools, the open optical layout and mechanical design of the LTP are easily reconfigurable, which 
allows for easier optimization of the profiler arrangement to the specifics of a particular metrology task. Thus, when 
equipped with a single-mode diode-laser light source, the LTP allows precision characterization of groove-density 
distribution of diffraction gratings [48-52]. Also, unlike the AC-based deflectometers, the LTP profilers do not require a 
light-limiting aperture placed close to the SUT. This simplifies measurements with optical assemblies.  

The advantages of both the AC and PBI based sensors are exploited in the original HZB/BESSY-II NOM system 
equipped with two stationary sensors with beam folding pentaprisms placed on a translating carriage [24].  

A few years ago, at the ALS X˗Ray Optics Laboratory (XROL) [53], we started an R&D project on development of a 
new generation long trace profiler, LTP-2020, also aimed for a universality of the tool at significantly improving 
performance. The activity in this direction was triggered by the need for a higher performing slope measuring system 
suitable for high accuracy metrology on mirrors and grating for beamlines under development in the upgrade of the ALS 
to a DLSR facility [54,55].  

Here, we present the results of the ongoing efforts on the LTP-2020 project. We discuss the system design that 
incorporates different types of surface slope sensors (Secs. 2 and 3). In addition to the classical pencil beam 
interferometry (PBI) sensor with an improved optical design [56-58] (Sec. 2), we develop a deflectometry sensor based 
on a customized electronic autocollimator (AC) (Sec. 3). By applying a new data processing algorithm to the AC raw 
image data available from the customized AC [59] (Sec. 3.3), we significantly reduce the quasi-periodic systematic error 
of the AC equipped with a small size aperture. We would like to treat the possibility to use the AC as a PBI sensor with 
external light beam sources based on super-luminescent emitting diodes (SLED) and single-mode laser diodes (SMLD) 
[60] (see also Sec. 2.3). In Sec. 4, we discuss the operational modes with stationary and/or translated sensors that are 
possible due to the two-carriage gantry system [61,62]. The variety of the available operation modes allows optimization 
of the LTP-2020 experimental arrangement for providing the best possible performance in measurements with state-of-
the-art aspherical x-ray optics, variable-line-spacing (VLS) diffraction gratings, and multi-element optical systems. The 
paper concludes (Sec. 5) by summarizing the main concepts discussed through the paper and outlining a plan for future 
work. We would like to specially emphasize that the LTP-2020 project is welcome for new ideas and collaborations. 
Specifically, we encourage collaboration with others interested in the development and fabrication of the state-of-the-art 
optical elements and subsystems required for the superior measuring performance of the LTP-2020 system.  



 
 

 

 

2. THE LTP PBI-BASED OPTICAL SENSOR OF THE LTP-2020 

In this and following sections (Sec. 3), we briefly describe the design and major functionality of the LTP-2020 
deflectometric sensors. Additional and more detailed and specific information is provided in Refs. [56-59].  

Similar to the original BESSY-II NOM design [24], the LTP-2020 employs two different optical deflectometric sensors, 
a profoundly optimized LTP PBI sensor [56-58] (Sec. 2) and an electronic autocollimator sensor [59] based on a 
customized Moeller Wedel Optical (MWO) new flagship AC, the ELCOMAT 5000 [63] (Sec. 3).  

The optical design of the LTP-2020 LTP PBI sensor incorporates improvements from the results of our extensive 
research and development efforts at the ALS XROL aimed at improving the performance of the LTP-II profiler that has 
been in continuous operation at the ALS since 1991 [64,65].  

2.1 The ALS XROL LTP-II R&D as a foundation of the LTP-2020 optical sensor design 

Figure 1a depicts the current schematic of the LTP-II optical sensor. It is based on the pencil beam interferometer, 
initially suggested and patented by K. Von Bieren in 1985 [44-46] and first applied in the long trace profiler for 
precision characterization of x-ray mirror surface slope topography in 1987 [14,15].  

In Fig. 1a, the beam splitter BS and two Porro prisms (one movable and one stationary) constitute a phase shifter used to 
split the laser beam into two interfering ‘pencil’ beams and to adjust the phase difference and spatial separation of the 
beams. The polarizing beam splitter (PBS) sends the two-component beams to the SUT (the sample beam) and to the 

stationary reference mirror (the reference beam). By adjusting (rotating) the half-wave ( 2 ) plate, one can balance the 

intensities of the linear polarized light in the sample and reference beams. Double pass through the quarter-wave ( 4 ) 

plates flips the returning beams’ polarizations, redirecting the reflected sample and reference beams to the Fourier 
transform lens (FTL) that focuses the beams onto the CCD detector chip. The focal distance of the LTP-II FTL is 1,250 
mm. In order to ensure a relatively compact design of the sensor, three folding mirrors, M1, M2, and M3 are used. 

Usually, the phase difference between the pencil beams is selected to be equal π, producing an interference fringe in the 
FTL focal plane with a minimum in the center. The position of the returned beams’ intensity distributions detected with 
the CCD detector (e.g., that of the interference minimum or the centroid) is a measure of the angular deflection produced 
by reflection from the SUT and the reference mirror, respectively. 

The reference arm records the spurious slope variations appearing due to carriage pitch wobbling and to pointing 
instability of the laser beam. Note, in the current arrangement of the ALS XROL LTP-II shown in Fig. 1a, the carriage 
pitch wobbling and light beam pointing instability errors contribute to the recorded sample and reference angular 
variations with opposite signs. Addition of a Dove prism (not shown) into the reference channel, suggested and first 
implemented in Refs. [64-67], changes the sign of the mechanical stage error, potentially allowing both errors to be 
corrected with the reference beam signal. This was extremely important for the earlier versions of the LTP tools that 
suffered from the low performance of the light sources that utilized non-stabilized helium–neon (He-Ne) and 
unstabilized single-mode diode lasers,. Pointing instability of the light beams from these sources (also due to the mode 
hopping) could reach 20-30 µrad. With the Dove prism added, the measurement errors could be decreased approximately 
by an order of magnitude, to ~3-5 µrad. 

The development and implementation in our LTP-II of a multifunctional light beam source (MFLS) [60] has radically 
diminished the problem of the light beam pointing instability. The MFLS is comprised of a fiber coupled frequency-
stabilized single-mode diode-laser (SMDL) and a superluminescent light emitting diode (SLED) light beam source (see 
Sec. 2.3). Implementation of the MFLS with extremely high pointing stability of the output light beam has revealed 
significant error in the reference arm measurements due to the fabrication imperfections in the Dove prism itself. It was 
also found that, with the Dove prism, there is a specific systematic error of the LTP-II reference measurements that 
critically depends on mutual alignment of the Dove prism and the reference mirror [21]. Because of these circumstances, 
we have made a new twist in the ALS LTP-II saga and returned to the original LTP PBI schematic with no Dove prism 
in the reference channel (Fig. 1a). Experimental tests performed with the LTP-II ‘upgraded’ to the no-Dove-prism 
optical schematic with the ultra-stable light source have demonstrated that the residual LTP-II pointing instability (still 
possible due to the slow temporal drift of the light source alignment) can be neglected if a multi-scan run, arranged 
according to an optimal scanning strategy [68,69] designed to defeat the measurement errors due to instrumental 
temporal drifts, is implemented. 



 
 

 

 

 

Figure 1. (a) Optical sensors of the ALS upgraded LTP-II [60] and (b) of the LTP-2020 under development. The sensor 
elements shown within the dotted box are placed on an air-bearing carriage that allows to translate the sensor along the 
surface under test (SUT) in the course of measurement. The schematics and the used abbreviations are explained in the text. 

2.2 Essential additional improvements of the LTP-2020 optical sensor design 

Besides the implementation of the advances in the recent upgrades of the LTP-II optical sensor, discussed in Sec. 2.1 
above, the LTP-2020 optical design contains a number of modifications based on our experience characterizing the LTP-
II performance and using the tool for metrology with different x-ray optics and optical systems.  

A fundamental property of a slope profiler determining its operational performance is its spatial resolution, described by 
the instrument transfer function (ITF) (see, for example, Refs. [22,70-72] and references therein). Comparison of the 
spatial resolutions of the LTP-II in different operational modes is discussed in Refs. [60,72]. In particular, it is 
demonstrated that the spatial resolution of the LTP-II with one of the pencil beams blocked is significantly, by a factor of 
~ 2, higher than that of in the classical two-pencil-beam arrangement. Based on this observation, in the optical schematic 
of the LTP-2020 sensor under development (Fig.1b), we use a single pencil beam. 

A major source of systematic error of the LTP-II is glass inhomogeneity that introduces small phase errors into the 
transmitted laser beams. One of the major design criteria in the LTP-2020 is to decrease the number of optical elements 
and to minimize the thickness of glass in the optical path [73]. Accordingly, we have designed a wedged polarizing beam 
splitter (WPBS in Fig. 1b) [58] that allows us to eliminate phase error introduced into the optical path of the returned 
sample beam by inhomogeneity of the optical material and imperfection of the inner cemented surfaces of the LTP-II 
PBS cube (Fig. 1a). The wedged shape of the WPBS substrate is needed to minimize the spurious interference effects 
due to multiple reflections within the WPBS.  

A consequence of the wedged shape of the WPBS is the non-orthogonality of the sample and reference beams that exit 
the WPBS. In order to ensure the parallelism of the reference beam propagating to and from the reference mirror and the 
sensor translation direction, we add two adjusting mirrors, AM1 and AM2 (Fig. 2b).  

One of the most significant distinctions of the LTP-2020 is the Fourier transform lens that has a single element design 
with one surface spherical and the other aspherical. The details of the LTP-2020 FTL design and fabrication 
specifications based on comprehensive optical simulations are presented in Ref. [58]. Here, we would like to emphasize 
two major advantages anticipated with the FTL of the new design. First, compared to the two-element FTL of the LTP-
II, the LTP-2020 FTL has a smaller number of optical surfaces, and it is free of an optical bonding interlayer. Therefore, 
we expect the overall optical quality of the new FTL to be significantly improved. Additionally, the focal length of the 
new FTL is 500 mm (compared to 1,250 mm of the LTP-II FTL). Therefore, instead of folding the returned beams with 
six reflections from three folding mirrors (Fig. 1a), we need only two reflections as depicted in Fig. 1b. 



 
 

 

 

2.3 Modified multifunctional light beam source of the LTP-2020 

Similar to the LTP˗II, the LTP-2020 is equipped with the multifunctional light beam source allowing easy switching 
between operational modes utilizing the output light beams from a frequency-stabilized single-mode diode-laser and a 
superluminescent light emitting diode. Both SMDL and SLED are fiber-coupled and operate at the wavelengths close to 
that of He-Ne laser, 632.8 nm.  

Figure 2 presents the LTP-2020 MFLS schematic that is slightly modified compared with the LTP-II version described 
in detail in Ref. [60].  

 
Figure 2 Schematic of the multifunctional light source: the elements placed (a) stationary on the LTP-2020 optical table, (b) 
in the folding tray, and (c) on the movable carriage. SMDL is the single longitudinal mode fiber-coupled diode laser, SLED 
is the superluminescent light emitting diode module; DVA is the digital variable attenuator; EPC is the electronic 
polarization controller; FOS is the 630-nm 1×2 single mode fiber optic splitters with splitting ration 90:10; FOC is the 
630 nm 2×1 single mode fiber optic coupler with coupling ration 50:50; PM SM PC is the polarization-maintaining single-
mode patch cable; CMS is the cladding mode suppressor made of 7 loops of the patch cable; FPC is the fiber-port collimator 
with five degrees of freedom plus rotation adjustment; RPA is the rotating polarizer attenuator. After the RPA, the light 
beam goes to the lambda/2 plate and wedged polarizing beam splitter WPBS of the LTP-2020 optical sensor (see also 
Fig. 1b).   

Working with the LTP-II equipped with the MFLS, we have found that the power and polarization direction of the light 
exiting the polarization-maintaining single-mode patch cable (PM SM PC in Fig. 2) are slowly varying [60]. This is due 
to the continuous bending of the PM SM PC in the course of translation the LTP-II sensor. Such bending of a fiber cable 
is known to cause so-called ‘bend losses’ of the light power (see, for example, Refs. [74,75] and references therein). This 
is due to the coupling of the light from core modes (guided modes) to cladding modes, when the fiber is bent. In the LTP 
application, the position of the fiber bending varies on the scale of a few meters, which can lead to a significant 
fluctuation of the power and polarization of the output light. The power fluctuation can be suppressed with addition of a 
cladding mode suppressor that, in our case, is a stationary loop in the downstream part of fiber of 5-10 turns, labeled in 
Fig. 2 as ‘CMS.’ Unfortunately, the output light intensity stabilization with the CMS is not perfect. Because of this, we 
adopt an active stabilization of the light-beam intensity with the digital variable attenuator (DVA) in the LTP-II MFLS 
system [60]. The stabilization that uses the integrated intensity of the detected light as a feedback signal is one of the 
functions of the LTP-2020 motion control and data acquisition (MCDA) system under development.  

The variation of the light polarization direction leads to a change of the light intensity after the two-polarizer attenuator 
(Fig. 1). In the LTP˗II, the compensation of the spurious effect of the polarization direction variation is performed 
manually by simultaneously adjusting the attenuator and the half-wave plate (Fig. 1). In order to enable a remote (and 
automated) compensation, in the MFLS schematic for the LTP-2020 shown in Fig. 2, we have added the rotating 
polarizer attenuator (RPA). In this case, as a feedback signal for the polarization stabilization, the LTP-2020 MCDA 
system uses the normalized difference of the integrated intensities of the sample and reference light beams: 

   S R S RPFS I I I I   ,     (1) 



 
 

 

 

where PFS  is the polarization feedback signal, SI  and are RI  the integrated intensities of the detected sample and 

reference light beams, respectively.  

The MCDA system also provides for automated control and monitoring of all major parameters of the SMDL, SLED, 
and DVA. In the case of the SMDL light beam used for metrology with x-ray gratings, we additionally record in the 
measurement data file the temporal variation of the light wavelength measured with the wavelength meter [76] (Fig. 2) 
that is specified to measure the absolute wavelength with an accuracy of ± 0.0008 nm (see also Sec. 4).  

Concluding the overview of the MFLS, we should note that the newer models of the SMDL and SLED with the output 
light power of ~ 5 mW are implemented in the LTP-2020. This should be compared to 3 mW in the models currently in 
use in the LTP-II. The availability of the higher light power is beneficial for measurements on x-ray mirrors with low 
reflectance coatings (such as, for example, carbon coatings) over the visible light spectrum.  

With the MFLS source (Fig. 2), the LTP-2020 can be easily reconfigured for measurements of x-ray mirrors or 
diffraction gratings. Usage of a light beam with a low degree of coherence for mirror metrology helps to suppress the 
LTP systematic errors due to spurious interference effects in the LTP optical elements (for a comprehensive discussion 
of the LTP-2020 systematic errors due to spurious interference effects, see Refs. [56-58]). The high-coherence narrow-
band light beam is used for groove-density-distribution characterization of x˗ray diffraction gratings. The measuring 
advantages of the various arrangements of the LTP-2020 possible with different types of light beam sources and data 
acquisition methods are discussed in Sec. 4.  

2.4 Selection of a CMOS camera for the LTP-2020 detector 

In the current version of the LTP-II sensor, we use the Lumenera Lt29059HM‐WOCG camera without the sensor cover 
glass. The camera is based on the KAI-29050-NIR CCD image sensor with the number of active pixels of 6576 × 4384 
with the pixel size of 5.5 µm × 5.5 µm. The camera has a glass window with a broadband antireflection coating. The 
temperature of the camera body is stabilized at 23°C (at the lab room temperature of 21°C) with a homemade Peltier 
cooler mounted directly to the camera body with an indium spacer.  

The no-cover-glass customization solved the potential problem of the beam image distortion due to the interference of 
the direct light and the light reflected from the image sensor and back-reflected from the cover glass. However, such 
kind of image distortion is still present due to the back-reflection effect associated with the camera glass window. This is 
illustrated in Fig. 3 where the images of the sample beam reflected from an SUT at three different slope angles with the 
total variation of ~8.2 mrad are shown as recorded with the LTP-II CCD camera.  

 
Figure 3. Images of the LTP-II SMDL sample beam recorded with the Lumenera Lt29059HM‐WOCG camera image sensor 
at the beam intensity producing a strong oversaturation of the central area of the beam image, and exaggerating the 
periphery of the beam footprint. The images (a), (b), and (b) correspond to the SUT mirror tilts with the total difference of 
about 8.2 mrad. The interference pattern of the back-reflection distortion around the central oversaturated beam footprint is 
seen in plot (a).  



 
 

 

 

The intensity of the beam imaged in Fig. 3 was specially increased to oversaturate the central area, while amplifying the 
periphery of the beam footprint with relatively weak interference artifacts. Thus, the interference pattern of the back-
reflection distortion of the beam image is seen in the Fig. 3a, where the maximum slope angle with respect to the almost 
normal incidence to the camera window in Fig. 3c, where the image looks to be almost free of the interference distortion.  

The intensity of the spurious interference pattern strongly depends on the quality of the antireflection coating. The beam 
image perturbation could still be acceptable if the distortion pattern stays constant during the slope measurements with a 
curved x-ray optics. However, the data in Fig. 3, as well as the numerical simulations performed in Ref. [58], have 
revealed a strong dependence of the interference distortion on the incidence angle of the recorded light beam. In the 
LTP-II application to the surface slope metrology, this leads to a specific systematic error that is a function of the shape 
and angular alignment of the SUT. Therefore, we should put special attention to the quality of the AR coating on the 
glass window and on the image sensor cover glass if they cannot be totally removed.  

Unfortunately, when searching for a high-quality camera for the LTP-2020 detector, we found that the market of suitable 
cameras with a possibility to customize a high-quality AR window coating is extremely narrow. To the best of our 
understanding, there are two major reasons for this difficulty. First, the market has sharply moved from CCD image 
sensors to CMOS sensors. As a result, we could not find a Lumenera Lt29059HM‐WOCG or a similar camera because 
they are no longer available on the market. Second, most of the modern cameras based on the CMOS image sensors are 
designed with a microlens array needed to increase the light detection efficiency. As we have seen in a number of tests 
on cameras with the microlens array, the back-reflection distortion of the beam intensity pattern produces unacceptable 
spurious interference.. Fortunately, there is an extremely narrow market of scientific grade CMOS cameras available free 
of the microlens array. These cameras are based on backside illuminated CMOS image sensors that have significantly 
larger pixel sensitive areas than that of the front illuminated ones.  

Currently, we are working on customizing the specification for a Teledyne Kinetix scientific CMOS (sCMOS) camera 
with a 10 Mpixel back-illuminated image sensor with a pixel size of 6.5 µm x 6.5 µm [77]. It has a 1 mm thick fused 
silica window located 10 mm in front of the sensor. Based on the numerical simulations discussed in Ref. [58], the AR 
coating on both sides of the window needs to have a maximum reflectivity of 0.01% at 633 nm to ensure the distortion of 
the recorded beam position below the 30 nrad level. We are currently working with a coating vendor to develop a 
suitable AR coating for the fused silica window. Note that as an sCMOS camera, the Kinetix is much faster than the 
LTP-II CCD Lumenera camera. The need to speed up the deflectometric measurements with VLS gratings is one of the 
imperatives of the LTP-2020 project. 

3. LTP-2020 SENSOR BASED ON A CUSTOMIZED AC ELCOMAT 5000   

Most, if not all, AC-based surface slope profilometers in use in the metrology laboratories at x-ray facilities are based on 
the different models of the ELCOMAT series autocollimators made by Moeller Wedel Optical [47,63] (see also Sec. 
3.1). At the ALS XROL, we routinely use two AC based profilometers: Developmental LTP (DLTP) [26,30] and Optical 
Surface Measuring System (OSMS) [32,78,79]. Both our profilometers utilize AC ELCOMAT 3000 [47] precisely 
calibrated at the Physikalisch-Technische Bundesanstalt (PTB), Germany, using a sophisticated experimental method 
and set-up [80-82]. In Sec. 3.2 on the example of the DLTP and OSMS, we outline the two major deflectometry 
applications of the ACs as the stationary and movable sensors. Our experience developing and exploiting DLTP and 
OSMS is a basis for the development of the LTP-2020 operation arrangements with the AC sensor considered in Sec. 4.  

In the LTP-2020, we plan to use a customized version of the MWO new flagship AC, the ELCOMAT 5000 [63]. The 
customization enables automatic recording of the AC raw image data and complete control of the built-in light source 
intensity. Access to the AC raw image data allows us to apply different data processing algorithms with the goal of 
reducing the measurement systematic errors in a particular AC operation arrangement. Thus, we have recently developed 
and demonstrated a correlation analysis based algorithm that, in application to the raw image data recorded with the AC 
ELCOMAT 3000 in the surface slope deflectometer arrangement, allows to significantly (by a factor of 4-5) reduce the 
AC quasi-periodic systematic error [59] (see also Sec. 3.3). As a plan for the near future, we would like to investigate a 
possibility to use the AC as a PBI sensor with different external light beam sources based on the SLED and SMLD 
discussed in Sec. 2.3, above. 

3.1 Application of ELCOMAT electronic autocollimators to surface slope profilometry 

In this section, we discuss the optical design and major technical parameters of the ELCOMAT 3000 [47] in application 
to the surface slope profilometry. Figure 4 presents an optical schematic diagram of the ELCOMAT autocollimator.  



 
 

 

 

 

Figure 4. (a) Optical schematic diagram and (b) a picture of the ELCOMAT 3000 autocollimator. The AC has a closed 
design with the elements as depicted in plot (a) within the blue-lined box. See text for details. 

Similar to the LTP PBI sensor (Sec. 2.1), angle measurement of an autocollimator is based on assessing the shift of the 
reflected light intensity distribution (the reticle image) recorded with a CCD detector. However, the autocollimator’s 
objective lens has two functions. First, it collimates the outgoing light beam directed to the mirror (Fig. 4). Second, it 
serves as an FTL in the PBI sensor linearly transforming the angular deflection of the reflected beam into a measurable 
image position shift. 

According to the specifications [47], the best performance of the ELCOMAT 3000 is achieved with a large aperture 
diameter of the outgoing beam. The specified minimum diameter is 5-6 mm depending on the AC application. For 
surface slope profilometry, a circular aperture with a diameter of about 2.5 mm diameter is typically used [83,84]. In 
order to minimize the reflected beam shape distortion, the aperture is placed close to the SUT, usually within ~ 3 mm or 
less.  

With the optimally aligned 2.5-mm aperture [85], the spatial resolution of the OSMS corresponding to the first zero-
crossing of the instrument transform function (ITF) is about 1.4 mm as measured with a specially developed test sample 
with chirped surface slope profiles [70,72]. The performance of the AC deflectometer with differently shaped apertures 
has been investigated in Ref. [79]. A significant resolution improvement was demonstrated, by a factor of about 1.4, with 
a rectangular aperture with the size of 1.5 mm (tangential) × 3 mm (sagittal).  

Note that systematic error of the measurements with the AC based deflectometer strongly depends on the size and shape 
of the aperture [79], as well as on the environmental conditions and operation mode of the deflectometer with a 
stationary or a movable AC [59,82,83,86,87] (see also discussion in Sec. 3.2, below). 

As mentioned above, in the LTP-2020 we plan to use a customized version of the new MWO autocollimator 
ELCOMAT 5000. According to the specification [63], the ELCOMAT 5000 has a significantly larger measuring range 
of ± 7.3 mrad compared to that of ± 4.8 mrad available with the ELCOMAT 3000. The optical electronic design of the 
ELCOMAT 5000 allows for a 10˗fold higher measurement frequency, 250 Hz, at the same specified accuracy, 
resolution, and reproducibility. Together with an additional function of time analysis of the measured values, the higher 
measurement frequency makes much more practical implementation of the "on-the-fly" mode of measurements [27,88]. 
A very hands-on advantage is the easy, fast and precise adjustment/alignment of the ELCOMAT 5000 autocollimator 
that is possible with additional internal alignment sensors in the autocollimation sensor [63] (see also a relevant 
discussion in Ref. [89]). 

3.2 The ALS XROL surface slope profilers based on electronic autocollimators ELCOMAT 3000  

The ALS DLTP [26,30] is a relatively low cost realisation of a deflectometric profilometer based on an industrial 
electronic autocollimator and a movable pentaprism – Fig. 5. This optical schematic was first suggested and realized at 
the PTB by E. Debler and K. Zander in 1978-1980 [90] and K. von Bieren in 1985 [46]. Later on, the movable 
pentaprism mode of operation was adapted to an LTP with a stationary optics sensor [91]. The major advantage of the 
movable pentaprism profilometry is the suppression of the carriage wobbling error. 

Figure 5 shows the DLTP in two different arrangements suitable for surface slope metrology with the SUTs in the face-
up (Fig. 5a) and (Fig. 5b) side-facing orientations. In order to change the arrangement, there are two sets of the mirror-
based pentaprisms (Fig. 5c) that are easily interchangeable. The application of the mirror-based pentaprisms allows us to  



 
 

 

 

 
Figure 5. (a) Optical schematic diagram and (b) a picture of the ALS XROL DLTP; (c) design of the DLTP mirror-based 
pentaprism. In plot (a), the DLTP is depicted in an arrangement for metrology with a SUT in face-up orientation; whereas, 
in plot (b), the DLTP is pictured as set for measurements with a SUT in side-facing orientation. See text for more details. 

avoid the optical path perturbation due to the optical material inhomogeneity usual for the solid glass pentaprisms. 
Additionally, the mirror surface quality can generally be much better than the effective quality of the four surfaces of a 
glass pentaprism. The design and the methodology for precision assembly and alignment of the mirror-based 
pentaprisms are described in detail in Refs. [92,93]. 

In the deflectometric profilometers like the DLTP, which use a movable pentaprism to scan the SUT, the effective 
distance to the SUT (that is the autocollimator beam length) is unavoidably changing. If there is an error of the AC 
detector (sensor) location with respect to the focal plane of the autocollimator’s objective, the AC-SUT distance 
variation leads to an angle error, which depends on the distance (see the relevant discussion in Ref. [87], as well as in the 
references therein): 

   0 01 1L f D f     ,     (2) 

where 0f  is the focal length of the autocollimator’s objective, D  is the AC-SUT distance, L  is the detector position 

with respect to the focal plane of the AC objective. Because the objective’s focal length depends on the refractive 
indexes of the air and the objective’s lens glass changing with the temperature, pressure, and humidity of air, the AC-
SUT distance dependent error [Eq. (2)] appears to be very difficult to calibrate and reliably account for in the 
measurement result. 

For the autocollimators ELCOMAT 3000 and ELCOMAT 5000, 0 300f  mm. Therefore, in the measurements with 

long grazing incidence x-ray mirrors, the absolute value of the second term in Eq. (2) can be significantly larger than 1, 
whereas the detector positioning term is many orders of magnitude smaller than 1. This opens an efficient way for, 
practically, elimination of the AC-SUT distance dependent error. Indeed, for 

 0 0 1f D f  ,     (3) 

the error given by Eq. (2) can be neglected.  

Figure 6a depicts a schematic of a profilometer, realizing this possibility [94]. It has a movable AC based sensor and an 
additional reference AC to monitor the wobbling error of the main (sample) AC translation. This schematic that is 
basically equivalent to the LTP with movable sensor, is now realized in a number of AC-based surface slope 
profilometers at different x-ray facilities (see, for example, Refs. [28, 95-97] and references therein). This includes the 
OSMS at the ALS XROL [32,78,79] depicted in Fig. 6b.  



 
 

 

 

 

Figure 6. (a) Optical schematic diagram and (b) a picture of the ALS OSMS designed for surface slope metrology with a 
SUT in face-up orientation; (c) the OSMS main autocollimator as placed for calibration with the Universal Test Mirror 
(UTM) system [98,99]. See text for more details. 

The ALS OSMS (Fig. 6) is designed for surface slope metrology with a SUT in face-up orientation with the aperture 
mounted to a cage tube at ~ 297 mm from the autocollimator’s objective. At the distance between the aperture and the 

SUT of ~ 3 mm,  0D f  ensuring the condition (3) and, therefore, a negligibly small contribution of the AC-SUT 

distance dependent error given by Eq. (2). The reference autocollimator ELCOMAT HR is directed to a reference mirror 
mounted on the carriage (Fig. 6b) and monitors the carriage wobbling error. 

The constraint and close to optimal AC-SUT distance opens a possibility to transfer to the main AC the high accuracy 
angular calibration of a ‘standard’ AC preliminary calibrated at the PTB. This possibility is realized in the OSMS with 
the Universal Test Mirror (UTM) system [98,99] (Fig. 6b). Figure 6c depicts the OSMS arrangement when the main 
autocollimator is placed for calibration transfer with the UTM. 

Concluding this section, we should acknowledge the principal difference between the data acquisition methods applied 
to the OSMS and DLTP measurements for the high accuracy characterization of state-of-the-art x-ray mirrors. Due to the 
SUT tilting and flipping stage integrated to the OSMS (Fig. 6c), the OSMS completely employs the data acquisition 
method based on the advanced optimal scanning strategy (AOSS) [68,69] that allows for suppression of the 
measurement errors related to the AC systematic error and the instrumental and set-up drifts. Application of the AOSS to 
the LTP-2020 measurements when using, for example, the automated rotating/flipping/aligning (ARFA) system [100] 
should also be beneficial for suppression of the tool’s systematic and drift related errors. 

3.3 Development of an original algorithm and software for reprocessing of the AC raw data 

The accuracy of the measurements with the AC-based profilometers is mostly limited by the specific systematic errors of 
the AC used. In addition to errors caused by geometric aberrations in the imaging of the reticle by the objective, quasi-
periodic errors occur on angular scales corresponding to the dimensions of the structures of the reticle pattern and the 
size of the pixels of the CCD detector. The magnitude of the systematic errors is highly dependent on the data processing 
algorithm applied to the captured reticle image.  

As mentioned above, in the LTP-2020, we plan to use the MWO new AC ELCOMAT 5000 customized to enable, in 
particular, automatic recording of the AC raw image data. A possibility for a significant improvement of the angle 
measurement accuracy by use of advanced algorithms for the analysis of the reticle images recorded with a customized 



 
 

 

 

AC ELCOMAT 3000 have been recently demonstrated in Ref. [101]. Here, we just briefly outline the basic idea in the 
foundation of the developed algorithm and software discussed in detail in Ref. [59]. 

The basic idea of the method (Fig. 7) consists in the use of a cross-correlation (covariance) analysis with a reference 
image (recorded, for example, at the center of the measurement range) for the precise determination of the position 
(localization) of the recorded images. Before calculating the covariance function, both images are resampled by 
interpolating the images taken with the AC detector pixelation to a denser grid with an increased number of subpixels. 
The combination of cross correlation and interpolation allows increasing the sensitivity to the mutual position shift in the 
matching of the reticle image under test with the reference image. The shift of the cross-correlation function evaluated 
from the reticle intensity distributions of the reference and the scanning (measurement) angle of the SUT (Fig. 7) is a 
measure of the SUT tilt angle. 

 

Figure 7. (a) Reticle intensity distributions recorded with the AC CCD detector at the reference angle and at a scanning 
(measurement) angle (the red and blue dotted traces in the top plot, respectively) and (the bottom trace) the cross-correlation 
function of the reference and scanning distributions in the top plot. (b) The same data as in (a) but with the scanning 
distribution taken at different tilt of the SUT.  

As a proof-of-concept, we have compared the results of the application of the new and built-in data processing 
procedures to reticle image data, recorded during the calibration of a commercial autocollimator, performed at the PTB. 
A numerical criterion for the efficacy of the data processing procedures under comparison is the deviation of the 
processed slope traces from the trace of the reference mirror tilt angles preset with PTB’s primary angle standard 
WMT 220 used for the calibration [80,102].  

Figure 8a shows the original calibration trace of an AC ELCOMAT 3000 presented as an angular dependence of the 
difference between the reference mirror tilt angle recorded with the AC and the actual angle preset with the WMT 220. 
The AC under calibration was equipped with an aperture with 2.5 mm diameter placed at ~ 3 mm in the front of the 
reference mirror located at the 300 mm distance from the AC’s objective.  

The overall amplitude of the calibrated AC error in Fig. 8a is about ± 1.2 µrad. The error has a strong low angular 
frequency component with the period of about 7.3 mrad. There is also a clearly visible higher frequency component with 
the amplitude of ~ 0.4 µrad and the period of ~ 300 µrad. Note that the AC’s built-in routine for evaluation of the 
recorded angle is optimized by the manufacturer for AC applications with apertures much larger than 2.5-mm diameter 
aperture used here which is typical for the AC application in surface slope profilometers. 



 
 

 

 

 

 

Figure 8. (a) The original calibration trace of an AC ELCOMAT 3000 presented as an angular dependence of the difference 
between the reference mirror tilt angle recorded with the AC and the actual angle preset with the WMT 220. (b) The 
calibration trace obtained with the same data but retreated with the developed algorithm for processing reticle image data 
[59]. The AC under calibration was equipped with an aperture with 2.5 mm diameter placed at ~ 3 mm in the front of the 
reference mirror located at the 300 mm distance from the AC’s objective.  

The calibration trace obtained with the same data, but reprocessed with the developed algorithm for processing reticle 
image data as described in detail in Ref. [59], is presented in Fig. 8b. The reprocessing makes it possible to significantly 
reduce the magnitude of systematic errors in the AC applications in profilometry. Indeed, the amplitude of the low 
frequency error is decreased by a factor of 4-5 when compared to the AC’s built-in routine (Fig. 8a). Moreover, the 
higher frequency component with the period of ~ 300 µrad is now at a level below the measurement noise.   

Concluding this section, we would like to emphasize that our correlation analysis approach suggested and demonstrated 
for processing AC reticle image data with significantly reduced systematic errors is applicable also to other cases where 
the light intensity distribution of a sampling light beam is mapped by an objective (such as an FTL in the LTP sensor) 
onto a pixelated detector. The technique has the potential to improve the localization (positioning) of structures and 
edges in pixelated images in general, and the experimental verification of the technique using the reticle images of an 
autocollimator is just a specific use case. 

4. MODES OF OPERATION POSSIBLE WITH THE LTP-2020  

One of the most significant differences of the LTP-2020 from all other deflectometry tools in use at the x-ray facilities is 
the two-carriage gantry system depicted in Fig. 9a and discussed in detail in Refs. [61,62].   

 
Figure 9. (a) General design view of the LTP-2020 two-carriage gantry system. (b) The LTP-II arrangement with a single 
carriage gantry system designed with a capability for raising the LTP sensor above the optical bench to increase the space 
needed for measurements of large multi-component optical assemblies. See text for more details. 

The design of the LTP-2020 gantry system carriages is similar to that of the DLTP [26]. These are two identical 
carriages with air-bearing suspension. The carriages are driven by piezoceramic ultrasonic motors allowing to translate 



 
 

 

 

each carriage along a ceramic beam over a distance of approximately 1 m. Linear encoders provide positioning of each 
carriage with a specified accuracy of ~ 0.1 µm. The data acquisition rate feasible with the LTP-2020 gantry system in the 
move-stop-measure mode of operation is the same as for the DLTP (~ 3 sec) and a factor of ~ 5 higher than the rate 
possible with the current LTP-II (~ 16 sec) which has a very slow CCD detector and a carriage driven with a metal belt. 

The design specifications of the LTP-2020 gantry system in Fig. 9a [61,62], including the dimensions of the ceramic 
beam and its mechanical support assembly, are the same as those of the LTP-II. The similarity of the designs is 
intentional allowing replacing the LTP-II with the LTP-2020, when the latter is brought into operation. With the 
LTP-2020 two-carriage gantry system, it becomes possible to provide a broader assortment of the operation modes with 
stationary and/or translated sensors. This allows for the possibility of better matching (optimizing) of the LTP˗2020 
operation mode to the specific metrology task and the measurement arrangement. At the same time, the replacement 
would preserve the unique property of the ALS XROL LTP-II gantry system, illustrated in Fig. 9b, which is a capability 
for raising the LTP sensor above the optical bench to increase the space needed for measurements of large multi-
component optical assemblies [14˗17].  

Below in this section, we outline the major measurement arrangements and operation modes of the LTP-2020 exploiting 
two optical deflectometric sensors, the optimized LTP PBI sensor and the AC sensor based on the customized 
ELCOMAT 5000 described in Sec. 2 and Sec. 3, respectively.  

4.1 X-ray mirror metrology with the LTP-2020  

Figure 10 sketches the LTP-2020 setup arranged for measuring two different mirrors. One mirror is placed for 
measurements with the stationary AC and movable pentaprism that is the NOM- and DLTP-like operation mode shown 
in Fig. 5 and discussed in Sec. 3.2.  The other mirror is under measurements with the LTP-2020 PBI sensor depicted in 
Fig. 1b. This mode of operation is generally the same as that of the current LTP-II (compare with Figs. 1a and 9b). In 
order to ensure the maximum scanning range in both arms, the reference mirror can be placed as shown in Fig. 11. 

In both operation modes sketched in Figs. 10 and 11, the LTP-2020 is expected to provide a significantly higher 
accuracy relative to the DLTP and LTP-II due to the improved PBI and AC based sensors described in Secs. 2 and 3, 
respectively.    

 

Figure 10. The LTP-2020 setup arranged for measuring two different mirrors (the bottom enlarged sketch is for clearness). 
One mirror under test (#1) is placed for measurements with the stationary AC and movable pentaprism, and the other mirror 
(#2) is under measurements with the LTP PBI sensor of the LTP-2020. These modes of operation are generally the same as 
that of the current ALS XROL DLTP and LTP-II.  



 
 

 

 

 

Figure 11. The LTP-2020 setup for measuring two different mirrors with the maximum scanning range in both arms.   

An additional advantage of the LTP-2020 is that the two measurements shown in Figs. 10 and 11 can be performed 
simultaneously. In order to realize this option, the profiler motion and control system has to support a synchronized 
move-stop-measure mode of the data acquisition in the both arms. The synchronization is needed in order to avoid a 
distortion of the measurements in one arm due to the carriage motion in the other arm.  

The LTP-2020 PBI sensor in Figs. 10 and 11, with the single reference mirror mounted off the moving optical head, is 
subject to two significant error sources in the reference beam: one is mechanical errors due to jitter in the carriage 
motion and also to temporal instabilities, and the other is laser beam pointing instability. These errors are exactly out of 
phase, so that correcting for one doubles the other. In order to eliminate this problem, we can rearrange the measurement 
arrangement with the PBI sensor as sketched in Fig. 12, adding a second reference mirror and placing both onto the 
optics board. In both setups shown in Fig. 12, the AC is used to monitor the wobbling of the carriage with the LTP-2020 
PBI sensor by recording the variation of the angular position of the reference mirror 1. Reference mirror 2 is placed in 
the sensor reference channel to monitor the light beam pointing instability. In order to ensure the maximum flexibility of 
the LTP-2020 setup, we plan to use an additional AC in the position shown in Fig. 12 b. 

 

Figure 12. Two possible arrangements of the LTP-2020 setup for high accuracy measurements with the LTP-2020 PBI 
sensor with simultaneous monitoring (recording) of the carriage wobbling and light beam pointing instability (a) with the 
main AC and (b) with an additional AC. 

As an example of the LTP-2020 application to the measurements of multi-element optical systems, Fig. 13 depicts the 
LTP-2020 experimental arrangement optimized for alignment and measurements with an optical assembly of a one-
dimensional (1D) Wolter Type I optical system consisting of a pair of mirrors, one hyperbolic and one elliptical 
[103,104]. Such optical system, for example, is a part of the QERLIN (the double-dispersion RIXS instrumentation) 



 
 

 

 

spectrometer under development at the ALS beamline BL 6.0.2 [105,106]. The desired relative pitch tilt of the mirrors in 
the QERLIN spectrometer is γ = 4 degrees that is much larger than the angular dynamic range of any ALS XROL 
profiler. Therefore, the metrology with the Wolter pair assembly is associated with a realignment of the system between 
the measurements over different mirrors. The realignment is a rather time-consuming complicated procedure, difficult to 
perform with the required accuracy on the level of ~ 40 µrad.   

 
Figure 13. The LTP-2020 experimental arrangement optimized for alignment and measurements with an optical assembly of 
1D Wolter Type I optical system consisting of a pair of mirrors, one hyperbolic and one elliptical. The reference prism has 
two reference surfaces with the relative tilt of γ. 

In the LTP-2020 arrangement sketched in Fig. 13, the two sensors are first aligned with a specially developed reference 
prism with two reference surfaces, one horizontal and other one tilted by 4 degrees. In the case of Fig. 13, the AC based 
arm is used to align the prism using the horizontal reference surface. After that, the LTP-2020 PBI sensor is aligned 
orthogonally to the tilted reference surface. With the properly aligned LTP-2020 sensors, it is a straightforward task to 
measure the mirrors’ surface slope distributions, find their optical centers, and set the required relative position and pitch 
tilt angle. The positioning with sub-micron accuracy can be monitored with the LTP-2020 linear encoders. All these 
tasks can be performed without an additional realignment between the iterative measurements. 

4.2 VLS grating metrology with the LTP-2020  

The surface-slope-measuring LTPs remain the preferred tools for x-ray diffraction grating characterization at 
synchrotron radiation facilities [48-52,107].  

The diffraction equation for a grating with varying groove density is:  

 sin sin ( ) ( )m x m g x      ,      (4) 

where   is the angle of incidence, calculated from the surface normal and positive at the counterclockwise direction 

(Fig. 14),   is the diffraction angle, calculated from the surface normal and positive at the clockwise direction,   is the 

wavelength of the probe beam light, 0( ) ( )g x g g x   is the groove density distribution in the tangential point with 

coordinate x , 0g  is the grove density at the grating center 0x  , ( )m x  is the variation of the diffraction angle for 

the m-th order. For the grating metrology, the LTP is usually arranged in the Littrow configuration, when the directions 
of the incidence and diffraction beams (the blue traces in Fig. 14) of the selected order coincide for the grating center, 

( 0) 0m x   . In the perfect Littrow configuration, at 0x  , 0 0    (Fig. 14) and Eq. (4) transforms to  

 0 0sin sin ( ) ( )m x m g x        .     (5) 

The LTP grating metrology is aimed at 1D measurements of the diffraction angle variation ( )m x  that is a measure of 

the variation ( )g x  of the grating’s groove density distribution. In many cases, the LTP grating metrology is capable 

of measuring groove density distributions with the required accuracy. After the upgrade of the ALS XROL LTP-II with a 
single mode diode laser light source [60], the profiler is also capable of grating metrology [52].  

However, in the current LTP-II arrangement, when scanning the optical sensor along the grating under test, there is a 
measurement error related to carriage wobbling. Together with the surface slope variation, the carriage wobbling leads to 
the variation of the effective incidence angle in Eq. (4) and an associated error in the measured value of ( )g x , which 

is rather difficult to account for [52]. This is because of the transcendental character of the diffraction equations (4) and 

(5) and an uncertainty of the absolute values of the incident 0  and diffraction 0  angles, if special sophisticated 

absolute angle measuring equipment is not used. 



 
 

 

 

 
Figure 14: The Littrow configuration arrangement for (a) m = +1 and (b) m = -1 order diffractions. We use here the 
convention on the incidence α and diffraction β angles as defined in Eq. (4), when the both angles α and β are positive. In 

the first-order Littrow configurations (the blue coinciding traces of the incidence and diffracted light beams), 0 0    

The wobbling error problem in the LTP-II is especially important for a VLS grating with rapid variation of the groove 
density, such that the overall variation of the diffraction angle surpasses the angular dynamic range of the tool. In this 
case, to thoroughly characterize the grating, one needs to stitch together multiple overlapped scans, performed with 
different pitch tilts of the grating. Such stitching requires high-precision absolute measurements of the incidence and 
diffraction angles for each point of a scan, which is extremely difficult because of the uncertainty in the absolute 
referencing of the LTP-II angular coordinate system mentioned above. The wobbling error is negligible in the LTP 
arrangement with a stationary LTP and a movable pentaprism or an adjustable mirror-based folding prism [49-51].  

Consequently, one of the major objectives for the development of the LTP-2020 is to enable high accuracy VLS grating 
metrology. Figure 15 depicts the LTP-2020 VLS grating measurement schematic with stationary sensor and movable 
folding prism. 

 
Figure 15. The LTP-2020 experimental arrangement optimized for groove density distribution measurements with x-ray 
diffraction grating. See text for more details. 

In Fig. 15, there are two prisms mounted to the movable carriage A. The movable pentaprism and ELCOMAT 5000 
(autocollimator A) are arranged for the zero-order measurement of the surface slope variation of the grating A. Because 
of the broad-band non-coherent LED light source, the AC based profilers are not capable of grove density 
measurements. This is performed with the LTP-2020 PBI sensor using the frequency-stabilized SMDL option of the 
light source (see Sec. 2.3).  

In the arrangement of Fig. 15, the two folding mirrors in the reference arm of the stationary LTP PBI sensor direct the 
beam to the mirror-based folding prism on the movable carriage A. With the folding prism, the beam is aligned to realize 
the diffraction angle measurements in the Littrow configuration (Fig. 14). By scanning the carriage A, it is possible (with 
a corresponding synchronization of the data acquisition in the AC and LTP-PBI arms; see also the relevant discussion in 
Sec. 4.1) to simultaneously measure the grating A in the zero and first diffraction orders.  

If the measurements with stitching are required, the realignment of the reference PBI sensor beam with the folding prism 
within the sensor dynamic range is absolute due to the elimination of the wobbling error. After the realignment, the 
coordinate system has to be reset, for example, by finding the edges of the grating ruled area.  

Note that the option for grating metrology with scanning the LTP-2020 PBI optical sensor is still possible. In this case, 
the pair of folding mirrors in the main (sample) arm is used to tilt the beam enabling the diffraction angle measurements 



 
 

 

 

in the first-order Littrow configuration with the grating B (Fig. 15). The wobbling angle variation of the carriage B 
translating in the course of the grating B measurements is recorded with an additional AC (autocollimator B in Fig. 15). 
This measurement arrangement is basically the same as the one optimized for alignment and measurements with an 
optical assembly and shown in Fig. 12.  

The steep variation of the groove density can lead to a large variation of the optical path within the diffracted LTP light 
beam, causing a strong interference effect in the beam intensity distribution recorded with the LTP detector [108]. This 
makes it practically impossible to measure the local diffraction angle with the required accuracy when using the returned 
diffracted beam image in the regular image processing algorithms (see, for example, Ref. [60] and references therein). If 
the variation of the interference pattern is not too strong, it can be helpful to use the beam positioning approach and 
algorithm developed for reprocessing of the AC raw data and outlined in Sec. 3.3, above. This work is in progress at the 
ALS XROL in collaboration with the Working Group 5.21 Length and Angle Graduations of PTB.  

If even with the application of the correlation-based data processing approach, the spurious effects due to intra light-
beam diffraction and interference still make accurate metrology of the VLS grating impossible, it is still possible to 
characterize the grating with interference microscope measurements [109]. This microscopy is complimentary to the 
LTP metrology by providing a method for the absolute measurement of the grove density, rather than the grove density 
variation.  

Moreover, due to low spatial resolution, the LTP grating metrology is not capable of measuring groove phase coherence, 
which determines the beamline spectral resolution achievable with the grating. This can be done with application of 
micro-stitching interference microscope measurements (see, for example, Refs. [108,110-113] and references therein).  

5. CONCLUSIONS 

We have discussed the current results and status of the ongoing research and development project at the ALS X-Ray 
Optics Laboratory on the development of a new generation long trace profiler, LTP-2020.  

We have described the system design that incorporates different types of surface slope sensors, including a classical 
pencil beam interferometry sensor with a significantly improved and optimized optical design and a deflectometry sensor 
based on a customized electronic autocollimator, the ELCOMAT 5000. For the LTP PBI sensor, we have redesigned the 
multifunctional light beam source, based on a super-luminescent emitting diode and a single-mode laser diode recently 
implemented in the ALS XROL LTP-II. In the future, we would like to treat the possibility of using the AC as a PBI 
sensor with external light beams from the SLED and SMLD sources of the LTP PBI sensor. 

For the AC-based sensor, we have developed a new data processing algorithm applied to the AC raw image data 
available from the customized AC. The reprocessing of the AC raw data recorded in the AC deflectometric arrangement 
with the 2.5 mm diameter aperture allows us to significantly (by a factor of 4-5) reduce the quasi-periodic systematic 
error.  

We have described and discussed a variety of the LTP-2020 operation modes with stationary and/or translated sensors 
possible due to the two-carriage gantry system with adjustable vertical position. We have presented the LTP-2020 
experimental arrangements optimized for measurements with x-ray mirrors, multi-element optical systems, and VLS 
gratings.  

Finally, we have designed the LTP-2020 arrangement that is the most general among the options considered throughout 
this paper. This arrangement that is principally capable for implementation of all considered application and operation 
modes is the current optical system specification for the LTP-2020 mechanical design work in progress.  

We believe that the results of our investigations are crucial for reaching fundamental metrological limits in 
deflectometric profilometry using state-of-the-art electronic autocollimators and pencil beam interferometry. 

The LTP-2020 design with the two-carriage gantry system, flexible arrangement of the AC and LTP PBI sensors, and an 
easily reconfigured data acquisition and processing system is a solid platform for future research, development, and 
implementation of new ideas, methods, and techniques for advancing metrology with x-ray optics. In this respect, we 
would like also to specially emphasize that the LTP-2020 project is welcome for new idea and collaborations. At the 
present step of the project, we are especially interested in collaboration on the development and fabrication of the state-
of-the-art optical elements and subsystems required for the superior measuring performances of the resulted LTP-2020 
system.  
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