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effect of pitch (!Qp) and roll errors (!ØR) of the DCM on the vertical and horizontal shifts in the exit beam
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bending the 2nd Si crystal of the DCM in the sagittal direction. A mirror has been placed at 20.0 m from the
BM source. The toroidal surface of the mirror substrate (1.2 m long Si crystal) is coated with a thin film of
Pt metal (~ 50 nm), and held at a grazing angle of 9.0 mrad so that it provides high reflectivity in a much
wider energy range from 0.8 to 8.0 keV. The effect of mirror surface imperfections, such as the roughness
and figure error, on the spot size at its focal position has been evaluated and optimized using a ray-trace
program SHADOW. The optimum value for the roughness is found to be 3.0 Å , while those for figure
errors are found to be 2.0 and 20.0  μrad in the meridional and sagittal directions, respectively. Further,
three pairs of horizontal and vertical slits each have been considered along the BL. Due to their excellent
mechanical and thermal properties, tungsten carbide has been chosen as the slit material. The 1st pair has
been placed before the mirror to define the beam footprint on the mirror surface. The 2nd pair forms the
entrance slit for the DCM, while the 3rd pair is used to define the spot size at the sample position. The
dimensions of the slits have been defined depending on their distance from the source and the size of the
beam they intercept.
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Abstract 
 

We report on the design and development of a high energy X-ray Photo-Electron 

Spectroscopy (XPS) beamline for one of the bending magnets (BM-6) at the 2.5 GeV, 3rd 

generation INDUS-2 synchrotron radiation (SR) source under commissioning at the Raja 

Ramanna Centre for Advanced Technology, Indore. The beamline (BL) extends up to 40 

m in length, and has been designed based on certain criteria such as its working energy 

range (0.8–15.0 keV), the resolution (~ 10-4), the flux throughput (1010–1011), and the 

requirement of a focused beam at the sample position. 

Two pairs of identical crystals in the (+1, –1) double crystal monochromator (DCM) 

geometry, based on beryl (10ī0) and Si (111) reflections with their intrinsic resolution of 

~ 10-4 have been chosen to respectively cover the lower (0.8–2.0 keV) and higher energy 

(2. –15.0 keV) ranges of the BL. The DCM has been placed at a distance of 30.0 m from 

the BM source. The effect of pitch (ΔθP) and roll errors (ΔφR) of the DCM on the vertical 

and horizontal shifts in the exit beam has been evaluated and minimized to acceptable 

values (ΔθP < 4 μrad, ΔφR < 2 μrad) that correspond to shifts of less than 20 % of the 

beam width at the sample position. Sagittal focusing has been achieved by bending the 2nd 

Si crystal of the DCM in the sagittal direction. 

 A mirror has been placed at 20.0 m from the BM source. The toroidal surface of the 

mirror substrate (1.2 m long Si crystal) is coated with a thin film of Pt metal (~ 50 nm), 

and held at a grazing angle of 9.0 mrad so that it provides high reflectivity in a much 

wider energy range from 0.8 to 8.0 keV. The effect of mirror surface imperfections, such 

as the roughness and figure error, on the spot size at its focal position has been evaluated 

and optimized using a ray-trace program SHADOW. The optimum value for the 
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roughness is found to be 3.0 Å, while those for figure errors are found to be 2.0 and 20.0 

μrad in the meridional and sagittal directions, respectively. 

Further, three pairs of horizontal and vertical slits each have been considered along 

the BL. Due to their excellent mechanical and thermal properties, tungsten carbide has 

been chosen as the slit material. The 1st pair has been placed before the mirror to define 

the beam footprint on the mirror surface. The 2nd pair forms the entrance slit for the 

DCM, while the 3rd pair is used to define the spot size at the sample position. The 

dimensions of the slits have been defined depending on their distance from the source and 

the size of the beam they intercept. 
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1. Introduction 
 

The process of emission of electrons by light, first observed by Hertz in 1887 [1], was 

successfully explained by Einstein [2] – in one of his four famous publications in 1905 – 

assuming the quantum nature of light. The description of the process (now termed as 

photoemission) is embodied in the famous Einstein’s photoelectric equation [2]. Later, 

with the discovery of well-defined shell structures of atomic elements, it was believed 

that this process could be exploited to gain element specific information of atomic species 

by shinning a monochromatic light of the desired frequency on the specimen and 

measuring the kinetic energies of photo-emitted electrons, and hence their binding 

energies. These photo-emitted electrons were later called the photoelectrons, and this 

technique of measuring their binding energies came to be known as the photoelectron 

spectroscopy (PES). Depending on the energy of the light source used to excite 

photoelectrons, the technique is either termed as ultraviolet-PES (UPS) or X-ray-PES 

(XPS).  

 

Since the electron binding energies of almost all the elements in the periodic table lie 

below 1.5 keV, and the fact that the inelastic mean free path (IMFP) of electrons (in the 

energy range 50 eV – 1.5 keV) in most materials is limited to a few atomic layers (< 3 

nm) from the surface implied that electrons contributing to the PES spectra should be 

those that have managed to escape from the near-surface region of the sample when an X-

ray source with energy ≤ 1.5 keV is used, thereby indicating the highly surface-sensitive 

nature of the XPS technique [3]. The high surface sensitivity of this technique severely 

hampered its experimental utility until the 1960s, when the prerequisites for reproducible 

preparation of clean and well-ordered surfaces and the production and measurement of 

the necessary ultra high vacuum (UHV) on a routine basis were possible. However, 

pioneering studies in the experimental utilization of this technique had already been 

initiated by Siegbahn and his colleagues in the mid-1950s using magnetic deflection 

analyzers originally designed for high-energy β-ray spectroscopy [4]. Using discrete X-

ray excitation sources (5 – 8 keV), they showed that this technique could be utilized to 

identify the chemical states of a metal (non-metal) and its oxide by measuring their peak 

shifts on the binding energy scale. Further, the desire for higher energy resolution led 
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them to concentrate on excitation sources such as Mg Kα (1253.6 eV) and Al Kα (1486.7 

eV), sometimes together with a crystal monochromator. Using these sources, their results 

also indicated the surface specificity of the XPS technique. Much of their pioneering 

work on the XPS analysis of solid organic and inorganic materials carried out in the 

1950s and 60s has since been well-documented in the literature [5]. 

 

The analytical potential of the XPS technique expounded by Siegbahn’s group led to the 

production and availability of commercial photoelectron spectrometers since the late 

1960s. Since then, this powerful, non-destructive analytical tool has made significant 

contributions to the basic understanding of the surface electronic and band structures of 

atoms and molecules in solids. Particularly, XPS has been effectively utilized to 

characterize the surfaces of materials, and in specific areas of materials science such as 

adhesion, polymer chemistry, corrosion and composite materials [6,7]. Moreover, XPS 

has been widely used to investigate structure and composition, reaction mechanisms, 

poisoning and reactivation, etc on the surfaces of catalysts as well as gas sensor materials 

[8,9]. 

 

Although the XPS technique based on conventional (laboratory) sources (Mg Kα and Al 

Kα) has proved to be one of the powerful analytical probes in surface science studies, it 

has posed severe problems in the investigation of the electronic and chemical states of 

bulk nanostructures and buried interfaces (even at depths of ~ 10 nm) that is useful in the 

advancement of many semiconductor devices [10]. Moreover, due to the poor 

photoelectric cross-section of X-rays and the inability of conventional X-ray sources to 

resolve the valence levels, the uses of XPS valence band spectra are limited to mere 

fingerprinting and comparative studies to differentiate specimens having similar core 

lines [7]. 

 

On the other hand, the discovery of synchrotron radiation (SR) in the late 1940s, and the 

unique properties offered by these (SR) sources, over the conventional ones, such as 

continuous, tunable, wide photon energy range (infrared to hard X-rays), high brilliance, 

excellent polarization characteristics and a high degree of angular collimation (hence, 

resolution), has since led to the construction of several dedicated SR facilities around the 

world for conducting a wide range of experiments in various scientific disciplines such as 
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physics, chemistry, biophysics, materials sciences, etc [11,12]. Today, the scientific 

community is increasingly converging towards such facilities to exploit the unique 

properties offered by the SR sources so as to gain useful insights by exploring the 

scientific phenomena with unprecedented details. 

 

The use of a 10 keV-source in XPS, for instance, increases the kinetic energy of emitted 

photoelectrons to up to 10 keV. At this energy, the IMFP of electrons is known to exceed 

10 nm for several materials [13]. Thus, an intrinsic bulk-sensitive XPS probe can be 

realized by increasing the kinetic energy of photoelectrons by the use of hard X-rays that 

are readily available at SR facilities. The first feasibility test of the XPS technique using 

an SR source was carried out by Lindau et al in 1974 [14]. Using a bending magnet (BM) 

based 1st generation SR source, they demonstrated the possibility of detecting 

photoelectrons with up to 8 keV of kinetic energy, and showed that high-resolution XPS 

could be profitably carried out in the hard X-ray energy range 5 – 15 keV with SR. 

However, the full-scale experimental utilization of high-energy resolution and high 

throughput XPS technique using hard SR X-rays was realized only in the mid-1990s with 

the availability of extremely high-brilliant 3rd generation SR sources and high-

performance electron energy analyzers [15,16]. 

 

Recently, the hard SR X-ray-PES technique has been effectively utilized to differentiate 

between the electronic structures of the bulk and the surface as well as to chemically 

characterize buried layers (or other deep lying structures) interesting for certain device 

applications [17-20]. Further, the availability of high-brilliant SR sources coupled with a 

resolution of less than 0.1 eV obtained even for hard X-rays with energies > 5 keV, has 

extended the capability of the XPS technique not just to probe the bulk electronic 

structures of core levels but also to record the corresponding high-resolution valence band 

spectra of solids [21-23]. A few research groups have recently exploited these features by 

applying the hard SR X-ray-PES technique to many kinds of materials that are interesting 

from the point of view of both basic and applied research [24,25]. These include 

transparent conducting films of indium-oxide-based materials, amorphous silicon (Si), 

plasma-doped ultra thin junctions in Si for drain and source regions in Si-LSI, Ga2Sb5Te2 

thin films for digital versatile discs, mesoscopic-structured platinum (Pt), electrode layers 

in lithium (Li) solid-state batteries, etc. Their work clearly indicates a wide range of 

applications for the XPS technique using SR, and these include depth-resolved electronic 
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structure, buried layers, interfaces, ultrashallow junctions and the bulk electronic structure 

of strongly correlated electron systems [10]. The technique is thus likely to make 

significant contributions in the frontier areas of solid-state physics, materials science, 

nanoscience and technology, polymer chemistry, biophysics, etc. For a general overview 

of the PES technique at both low and high photon energies, see Ref. [3]. 

 

The rapid progress made by the SR source-based XPS technique to tackle important 

issues in both basic and applied sciences in recent years, and its tremendous potential for 

contributing to path-breaking research in the foreseeable future, has encouraged various 

scientific groups to propose and develop beamlines devoted to high-resolution studies in 

the photoelectron spectroscopy of solids in the hard X-ray region at different SR facilities 

around the world [13,26]. However, in order to achieve the desired high-energy resolution 

and flux throughput required for optimum utility of the XPS technique using SR, it is 

important to suitably design a beamline for the purpose. The task of an SR beamline 

design can be achieved by taking into account various practical issues such as the source 

properties, the choice and imperfections in the beamline optical components that may 

influence the beamline resolution and throughput [27], and their deformations when 

subjected to high power SR beams [28], besides satisfying the criteria for UHV 

compatibility. 

 

To exploit the potential offered by the SR-based XPS technique and contribute to path-

breaking research in frontier areas of science and technology, we too have proposed an 

XPS beamline for one of the bending magnets (BMs) of the 3rd generation SR source, 

INDUS-2 at the Raja Ramanna Centre for Advanced Technology (RRCAT), Indore 

(India). In this report, we give a systematic account of the work we have performed to 

carry out the task of our XPS beamline design. 

 

2. Tools employed for beamline design 
 

Designing a beamline is always a challenging task as it critically depends on a number of 

criteria such as its energy range, resolution, spot size and flux throughput to be obtained 

at its sample position. For a beamline, these properties cannot be evaluated by mere hand-

calculations as they critically depend on various properties of the beamline components 
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such as their reflectivity, diffraction characteristics, nature of their surface curvature, their 

relative distances and their dimensions, etc. It is therefore essential to use available 

software tools that can readily accomplish this task. Accordingly, we have utilized a ray-

trace program XOP-SHADOW to evaluate and optimize the desired quantities so that 

they satisfy our beamline design criteria. Moreover, we have employed a synchrotron 

radiation calculation code, SPECTRA and a finite element analysis (FEA) code, ANSYS 

to respectively evaluate the distribution/ absorption of INDUS-2 BM power and its effect 

on the deformation of our beamline optical components. A brief description of these 

programs and their utilization is given in the following.   
 
2.1 XOP-SHADOW – A ray-trace program 
 

Ray-trace programs are employed to simulate the properties of a beamline for a wide 

variety of combination of its components, and hence determine the set of components that 

provide the optimum beamline performance satisfying its design criteria. XOP-SHADOW 

[29-33] is one of the most widely used X-ray optical ray-trace programs optimized for the 

design of synchrotron radiation beamlines. 

 

[1] Working principle of SHADOW 

 

The basic idea of any ray-trace program, including SHADOW, is very simple: optical 

paths, or rays, are traced through a system of optical elements (OEs) in a beamline such 

that the laws of geometrical optics are observed at all times. These laws require that the 

optical path between physical elements of the optical system is a straight line, the angle of 

reflection is equal to the angle of incidence, and that the diffraction phenomena are 

governed by Bragg’s law. Accordingly, SHADOW takes a vector in the source space and 

projects it in a straight-line path to each OE of the beamline [27]. Depending on the 

characteristics of the OE (reflectivity, optical aberrations, etc), the program then redirects 

the vector and sends it on in a straight-line path to the next one. This is performed for 

thousands of initial vectors in order to sample the entire source phase space.  

 

The source thus forms the starting point of the beam. The source beam is generated in 

SHADOW by sampling the spatial, angular, energy, polarization and other qualities of the 

synchrotron radiation sources (i.e, bending magnets, wigglers and undulators) into a finite 
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number of rays, using a Monte Carlo method. At the source position the intensity of each 

ray (its probability of observation) is set to 1. This intensity decreases as the rays interact 

with the OEs along the beamline. Moreover, the source generated by SHADOW linearly 

samples the real source, which allows to scale the intensity with the number of photons. 

SHADOW traces the source sequentially through each individual OE of the optical 

system where it solves the intercept of each ray, and calculates the output direction and 

the decrease in intensity. This decrease is calculated for each ray using an appropriate 

physical model (i.e., Fresnel equations for mirrors, dynamical theory of the diffraction for 

perfect crystals, etc). Further, the spatial, angular as well as energy distribution in the rays 

at the source, the OEs and their images can be visualized in the form of plots or diagrams, 

which are termed as ray- or point-diagrams. Accordingly, SHADOW generates a large 

number of files for these outcomes. The important ones are: 

 

a) begin.dat: A binary file containing the beam at the source position. 

 

b) mirr.xx: A binary file containing the beam on each OE (i.e., mirr.02 is the beam on 

the 2nd OE). An OE can be either a mirror or a monochromator. 

 

c) star.xx: A binary file with the beam at the image created by each OE. The image of a 

given OE is the source for the following OE. 

 

d) screen.xxyy: SHADOW can (as an option) create the image file at different points of 

the beamline where screens are defined. Screens are associated to a given OE and can 

allow to define absorption (filters) or apertures (slits or beam-stoppers). xx refers to 

the OE order and yy refers to the screen order (i.e., screen.0204 means the fourth slit 

associated to the 2nd OE). 
 

The co-ordinate system used in SHADOW for the source, the OE and its image is 

schematically shown in Fig. 1 below. 
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Fig.1: Schematic diagram of the co-ordinate system of SHADOW. 
 

It is seen from Fig.1 that the Y (2) co-ordinate always lies along the beam direction. 

Further, we see that the X (1) and Z (3) respectively represent the horizontal and vertical 

directions for both the source and the image; whereas, the X (1) and Y (2) respectively 

represent the footprint of the beam along the horizontal and vertical directions on the 

surface of the OE. 

 

[1] Methodology to study beamline behaviour 

 

Here, we describe the general methodology followed by us to evaluate the resolution, spot 

size and the flux throughput obtained at the sample position of our XPS beamline using 

the ray-trace program, SHADOW. The dimensions of OEs as well as the X-, Y- and Z-

axes in the ray-diagrams are given in the units of centimeters. 

 
 

Estimating the resolution: 
 

First, the BM source is created using the parameters such as the electron beam energy, 

beam emittance, magnetic field and radius, and the horizontal and vertical divergences of 

the INDUS-2 synchrotron radiation beam. We have considered a total of 25000 source 

rays for each of the energies studied in our working range 0.8 – 15.0 keV. As will be 

explained later, we have used Si (111) double crystal monochromator (DCM) to cover the 

higher energy range 2.1 – 15.0 keV of our beamline. In order to incorporate the 

diffraction characteristics of this DCM for a given energy, we have utilized the 
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CRYSTALS (BRAGG) utility from the SHADOW preprocessor. The crystal 

characteristics thus obtained is saved to a file with .dat extension. 

 

Next, we have evaluated the source energy bandwidth (ΔE0) that is required to give an 

optimum energy resolution for the DCM. For this purpose, two OEs are defined in 

SHADOW, corresponding to the two crystals of the DCM. Parameters such as their 

distance from the source, location of their image, Bragg angle, and their calculated 

diffraction characteristics contained in the .dat file are then given as inputs to these OEs. 

The program is then run so that the source traces the OEs to give an image at the sample 

position. The resulting beam footprint on the crystal surface and that obtained at its image 

location can be viewed by accessing mirr.xx and star.xx files respectively. The spot size 

is obtained by taking the FWHM of its intensity distribution in both the X and Z 

directions. Further, the distribution in energy obtained at the sample position for a given 

ΔE0 can now be plotted using the histogram. The FWHM of this curve gives the spread in 

energy (ΔE) obtained at the sample position. The value of ΔE0 can then be adjusted to 

give a minimum energy spread, ΔE, with a maximum intensity at the sample position. 

Once ΔE is optimized for a given photon energy E, ΔE/E defines the energy resolution of 

the DCM for the given source energy bandwidth, ΔE0. We have thus evaluated the values 

of ΔE0 that give optimum energy resolution for the DCM at all energies in our working 

range. Moreover, using a combination of entrance and exit slits to the DCM we have 

improved the resolution further, though at the expense of some useful photon flux. 

However, we have ensured that both the resolution and the flux so obtained lie within the 

design limits of our beamline. 

 

Estimating the flux throughput: 

 

Once the resolution of the beamline is optimized, we then calculate the total number of 

photons (integrated over all the energy bandwidth) at the sample position using the 

following equation [34]:  

 

N = NS T (ΔE)                                                        (1) 

 



 12

Where, NS is the number of photons at the source in 1 eV bandwidth (BW), and T is the 

transmission of the system in 1 eV bandwidth, given by, 

 

T = [I / (ΔE)] [I0 / (ΔE0)]-1                                            (2) 

 

Where, I is the number of source rays (intensity) reaching the sample position, and I0 is 

the source intensity. In our case, I0 = 25000. 

 

We have optimized the value of N so that it preferably lies above 1011 thereby satisfying 

our design criteria. The values of NS for different energies in our working range have 

been evaluated using XOP.  

 

As will be explained later in Sect.4.2, we have considered an additional OE, a Pt-coated 

toroidal mirror, in our beamline to provide a highly focused beam at the sample position. 

The mirror has been designed to cover the range 0.8 – 8.0 keV. In order to evaluate the 

effect of mirror on the resolution, spot size as well as the flux throughput at the sample 

location its reflectivity has been defined using the PREREFL utility of the SHADOW 

preprocessor. The reflectivity characteristics thus obtained are saved to a file with .dat 

extension. The mirror is then defined as an OE in SHADOW by giving parameters such 

as its grazing angle of incidence, its distance from the source and its image location, and 

the .dat file containing its reflection characteristics. 

 

We have also studied the effect of thermal deformations in OEs on the resolution, spot 

size as well as the flux throughput of our beamline. For this purpose, we have generated 

the deformed surfaces of OEs by incorporating the values of their respective slope errors 

obtained from FEA analysis (see Sect.2.2) into the application WAVINESS_GEN of 

SHADOW [35]. The deformed surface thus obtained is saved to a file with .dat extension, 

which is then converted to a .sha file using the PRESURFACE utility for its incorporation 

into SHADOW. This .sha file is given as an external spline in the “surface error” option 

under the “modified surface” category for the OE. The program is then run so that the 

source traces the deformed OEs to give the resulting image at the sample position. The 

resolution, spot size as well as the flux throughput obtained at the sample position is then 

optimized to satisfy the design criteria of our beamline by minimizing the corresponding 
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deformations in OEs. Such a study constitutes the coupled FEA-ray-trace analysis, and 

will be described in Sect. 6. 

 
2.2 SPECTRA – A synchrotron radiation calculation code 
 
SPECTRA is an application program that can be employed to calculate various 

characteristics such as the distribution of the SR power, its absorption within the beamline 

components, degree of polarization in the SR beam, the photon-beam emittance, etc for 

several SR sources such as BMs, wigglers and undulators [36]. Knowledge of these 

parameters is necessary in the task of beamline components’ design. We have utilized 

SPECTRA to evaluate the distribution and absorption of INDUS-2 BM power within our 

beamline optical components. The estimated distribution and absorption of SR power is 

then incorporated in the FEA code, ANSYS to evaluate the resulting thermal deformation 

in the beamline components for further analysis. 

 

[1] BM power distribution – Theoretical considerations 

 

Here, we will describe a few analytical expressions utilized by SPECTRA to evaluate the 

angular or spatial distribution of BM power in an SR beam. 

 

SR is an electromagnetic radiation that is emitted when charged particles are subjected to 

acceleration at relativistic velocities. At the storage ring-based facilities, the SR is 

generated by subjecting the electrons to transverse acceleration at relativistic velocities (~ 

GeVs) under the influence of strong perpendicular (to the electron orbit) magnetic fields 

(few Tesla) (see Fig.2). The theory of SR for circular particle accelerators has been 

developed way back in the 1940s by Ivanenko and Pomeranchuk [37] and by Schwinger 

[38]. According to Schwinger [38], the SR energy radiated per unit time, per unit 

wavelength (λ), per unit vertical angle (ψ) by a single electron moving on a circular orbit 

with energy EB, is given by, 

 

P (ψ, λ) = 8 π e2 c3 (1 + U2)2 (3 ω0 λ4 γ)-1 [K2
2/3(ξ) + U2 (1 + U2)-1 K2

1/3(ξ)]     (3) 
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Where, U = γψ, ξ = 2πr γ-3 (3λ)-1 (1 + U2)3/2, ω0 denotes the orbital frequency, e the 

electron charge, c the speed of light, r the radius of curvature of the electron orbit and K1/3 

and K2/3 are the modified Bessel functions of the second kind. 

 

 

 

 

 

 

 

 

 

Fig.2: Schematic diagram of the SR beam emitted by a storage ring-based BM source. 
 

Eqn.3 can be integrated over all wavelengths to give the angular distribution of radiated 

power (in CGS units) per unit vertical angle as, 

 

P (ψ) = 7 e2 c γ5 (1 + U2)-5/2 (16 r2)-1 [1 + (5/7) U2 (1 + U2)-1] erg/s-rad          (4) 

 

With the given desired parameters such as the electron beam energy, beam current, 

magnetic field and bending radius, SPECTRA uses Eqn.4 to determine the angular 

distribution of radiated power in the SR beam emitted by a storage ring-based BM source. 

The evaluated BM power can then be utilized to evaluate its effect on the thermo-

structural performance of beamline components using the FEA code, ANSYS for further 

analysis. 

 

[2] Methodology to evaluate BM power distribution 

 

Here, we describe the general methodology followed by us to evaluate the BM power 

distribution using the code, SPECTRA. 

 

To begin with, a parameter file containing the BM source type is opened. The INDUS-2 

BM source parameters such as the beam energy, beam current, magnetic field and 

bending radius are given. Further, the spatial dependence of the angular power density 

2γ-1 

ӨH 

SR beam

Electron 
orbit 
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along the vertical direction is selected for evaluation. Here, the distance at which the 

beamline component is located from the source is given. Moreover, the discrete number 

of points at which the power density is to be evaluated in a given spatial range in the 

vertical direction is provided. The program is then executed to give a distribution of the 

BM power density (in units of kW/mrad2). This result is saved in a file with extension 

.dty. Dividing this value of power density by the square of the distance of the beamline 

component (in units of m2) gives its corresponding value in the units of kW/mm2. This 

can be converted into W/m2 to be incorporated as a heat flux on the surface of the 

beamline component in the FEA code, ANSYS for further analysis. 

 

 

However, if the surface of the component makes an angle (θ < 90°) with the incoming 

beam (see Fig.3), the incident heat flux can be obtained by multiplying the normal 

incidence power density (as calculated above) with sin θ. 

 

 

 

 

 

 

 

 

 

 

 

Fig.3: Schematic diagram depicting the angular tilt (θ < 90°) of a beamline component 
with respect to the incoming SR beam.  
 

The absorption of power within a given layer thickness is calculated by defining a 

suitable filter with the corresponding values of atomic number, mass ratio and density for 

the elements in the material under study. If the surface of the given material makes an 

angle θ with the incoming beam (see Fig.4), the layer thickness within which the 

absorbed power is to be evaluated is given by, 

 

θ
Incoming 

beam
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Tθ = TH / sin θ                                                             (5) 

 

Where, TH is the actual thickness of the layer. 

 

 

 

 

 

 

 

 

 

 

 

Fig.4: Schematic diagram depicting the effective thickness (Tθ) as seen by the incoming 
beam due to the angular tilt of the layer.  
 

The absorbed power density in the given layer thickness is then calculated as a difference 

between the power incident and power transmitted through each such layer. The heat 

generation rate (HG in units of W/m3) in a given layer is hence calculated by dividing the 

absorbed power density by the actual layer thickness. HG thus forms the input that 

simulates absorption within the beamline component in the FEA code, ANSYS. 

 

2.3 ANSYS – A finite element analysis code 
 

Another important aspect of beamline design is to estimate the amount of deformation 

occurring in the optical elements when they are exposed to high power SR beams, so that 

their effect on the overall resolution and flux throughput of the beamline can be evaluated 

and hence, optimized to satisfy the design criteria. Various analytical methods are 

available for this purpose. However, their use may be limited and time-consuming. 

Further, they may even be extremely difficult to use when the distribution of power in the 

beam is non-uniform, and the geometry of the element and its cooling mechanism 

complicated. As we will see later, the distribution of power from the INDUS-2 BM 

source (any BM) is a Gaussian in the vertical plane and uniform in the horizontal 

Tθ 

TH 

θ θ 
Incoming beam 
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direction. Moreover, for this study the cooling geometry may be varied, and hence its 

design may be complicated in the form of pipes, plates or cooling blocks with circular or 

rectangular channels within its body for coolant flow. Such complex problems are usually 

tackled by employing computer based finite element methods that facilitate their fast 

calculations while providing approximate solutions. 

 

ANSYS, an FEA program [39], is a multipurpose software that can be used to solve a 

variety of problems in electromagnetics, fluid mechanics, civic and mechanical 

engineering, as well as those related to thermal and thermo-structural aspects. We have 

utilized ANSYS primarily to study thermo-structural deformation occurring in the optical 

elements (OEs) of our XPS beamline when they are exposed to high power SR beam 

emanating from the INDUS-2 BM source. 

 

[1] Heat transfer – Theoretical considerations 

 

The high power INDUS-2 SR beam impinging on an OE in our beamline is likely to 

increase the surface temperature due to its absorption within the element. The resulting 

surface deformation in the OE will depend on the maximum temperature rise as well as 

its gradient both on the surface and within the body of the element. The magnitude of the 

temperature gradient will in turn depend on the thermal conductivity of the element (k), 

its radiant emissivity (ε) and the coolant water flow rate. These three factors constitute the 

3 different modes of heat transfer that can occur; viz, the conduction, the convection and 

the radiation. The simplified, one-dimensional expressions for heat transfer rates (Q) for 

each of these 3 modes are given below: 

 

Conduction:  (Fourier’s law): 

The rate at which heat is transferred per unit cross-sectional area of a material is 

 

Qcond = k (T-T0) / L                                                       (6) 

 

T-T0: temperature difference between the 2 surfaces of a material with thickness L. 

 

Convection: 

Qconv = hf (TS-TB)                                                       (7) 
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hf        : heat transfer coefficient that depends on the coolant water flow rate. 

TS-TB : difference between surface & bulk fluid temperature. 

 

Radiation: 

Qrad = ε σ T4                                                             (8) 

 

ε : emissivity of the surface which is at an absolute temperature T.  

σ : Stefan-Boltzmann constant. 

 

Given the appropriate boundary conditions, ANSYS can take into account each of these 3 

modes of heat transfer occurring within the OE to evaluate its realistic thermal 

deformation under the influence of INDUS-2 heat load. However, in comparison to the 

conduction and convection heat transfer, the dissipation of heat (power) by means of 

radiation is negligible. We have therefore considered only the conduction and convection 

modes of heat transfer in our FEA calculations. On the other hand, the mode of radiation 

heat transfer has been considered to evaluate the amount of temperature rise and the 

resulting deformation taking place only in case of a cooling water flow failure. 

 

Now, combining the law of conservation of energy with the Fourier’s law yields the 

general 3-dimensional time-dependent heat conduction equation: 

 

∇⋅(k ∇T) + Q* = ρ c ∂T/∂t                                                  (9) 

where, 

ρ & c are the density & specific heat of the material. 

Q* is the internal heat generation rate per unit volume within the material. 

 

We have evaluated the temperature distribution within our OEs in their steady-state (time-

independent) conditions. Further, the material of our OE has been considered to be 

isotropic with constant thermal properties. With these assumptions, the conduction Eqn.9 

reduces to 

 

k ∇2T + Q* = 0                                                        (10) 
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Given the thermal boundary conditions such as Q*, k, ρ, c and hf, ANSYS solves this 

equation to estimate the temperature distribution within the material under study. 

 

The typical steps thus involved in an ANSYS program in solving such problems are listed 

below: 

 

• Generating a model of the actual body or a job to be studied with appropriate 

dimensions. 

• Division (meshing) of the entire body into smaller elements of finite dimensions. 

• Choosing an appropriate interpolation function to approximate the variation of a field 

(temperature, in our case) within an element in terms of the field at nodes of the 

element. 

• Solving the differential equation using the interpolation function for each element in 

the solution domain (body), with appropriate boundary conditions. 

• Assembling all such elements based on the continuity of solutions & balance of 

fluxes, to finally obtain the desired solution for the entire body. 

 

[2] Methodology to evaluate thermo-structural deformation 

 

Here, we describe the general methodology followed by us to evaluate the thermo-

structural deformation of OEs in our beamline using the FEA code, ANSYS. Our study 

(FEA analysis) is divided into two parts: thermal and the structural. Using thermal 

analysis, we have first evaluated the temperature distribution in the water-cooled OE due 

to its exposure to INDUS-2 heat load. In structural analysis, the evaluated temperature 

distribution has been utilized to obtain the resulting deformation in the OE. For these 

FEA analyses, we have followed the MKS system of units. 

 
Thermal analysis: 

 
In this analysis, a solid model representing the actual OE with its appropriate dimensions 

and thermal properties such as k, ρ and c is generated. The model is then meshed with a 
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finite number of 3-dimensional SOLID 90 thermal elements. The solid model is now 

termed as the finite element model. Each of these thermal elements has a total of 20 

nodes; 8 at its vertices and the remaining 12 lie along its 12 sides (see Fig.5). Each of the 

nodes in the SOLID 90 element is capable to generate a value of temperature depending 

on the boundary conditions. After meshing, these elements are assigned the thermal 

properties of the corresponding solid model for the OE. In order to account for the water 

flow through the channels, the calculated value of hf (as explained in Sect. 6) and the inlet 

water temperature (20 °C) are applied to the faces of elements lining the inner walls of the 

cooling channels. Further, in order to account for the incident beam power density (in 

units of W/m2), the distribution of heat load (power) in the INDUS-2 BM beam has been 

evaluated and discretized using a code SPECTRA, and applied to the element faces lying 

in the region of the beam footprint. (Refer to Fig.6 for a simplified depiction of a solid 

and its corresponding finite element model with heat flux and convection inputs). In some 

cases, the absorption of BM power within the OE has been considered for the 

calculations. For this purpose, the amount of power absorbed in each of the elements 

within the depth of the OE in the beam footprint has been evaluated using either XOP or 

SPECTRA, and applied as a heat generation rate (in units of W/m3) to the respective 

elements. These power as well as hf inputs constitute the thermal boundary conditions to 

the finite element model under study. The model is then solved to give a distribution of 

temperature within its body, which can be directly visualized using the ANSYS general 

post-processor. This temperature distribution is also written to a file with .rth extension 

for its subsequent utilization in the structural analysis. 

 

                                         
 
Fig.5: A 3-dimensional, 20-node SOLID 90 thermal element in ANSYS. 
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                       (a)                                                           (b) 
 
Fig.6: Schematic views of (a) a solid and its corresponding (b) finite element model 
generated in ANSYS. The shaded area in (b) shows the faces of elements where heat flux 
and convection inputs have been applied. 

 
Structural analysis: 

 
In this analysis, the SOLID 90 thermal elements are first converted to their 3-dimensional 

structural counterparts, i.e., SOLID 95 elements. The nodes of these elements are capable 

to generate values of displacements in each of the 3 co-ordinate axes. These elements are 

assigned the mechanical properties of the corresponding solid model for the OE, namely 

the Young’s modulus, Poisson ratio and the thermal expansion coefficient. The 

temperature distribution obtained from thermal analysis is then applied to the nodes in the 

finite element model by calling the corresponding .rth file. Further, some of the nodes in 

the structural model are appropriately constrained (fixed) so as to prevent its rotation as 

well as rigid body motion while also ensuring that the resulting deformation be purely due 

to the application of heat load, and the corresponding temperature rise. The temperature 

distribution as well as the nodal constraints constitutes the structural boundary conditions 

to the finite element model under study. The model is then solved to give the resulting 

thermal deformation of its surface in each of the 3 co-ordinate axes, which can be directly 

visualized using the ANSYS general post-processor. 
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The deformations for the OEs thus obtained have been analyzed, and their effect on the 

resolution and the spot size at the sample position in our beamline has been studied using 

a coupled FEA-ray-trace analysis. These studies will be described in Sect. 5 and 6. 

 

3.  INDUS-2 synchrotron radiation source 
INDUS-2 is a 2.5 GeV, third generation synchrotron radiation source that is being built at 

the RRCAT, Indore (India) [40]. Like many other SR sources around the world, INDUS-2 

also exploits the well-known fundamental property of the electrons (charged particles, in 

general) emitting high photon flux SR by subjecting them to transverse acceleration to 

relativistic energies (~ GeVs) under the influence of strong perpendicular (to the electron 

orbit) magnetic field. The storage ring of INDUS-2 consists of eight unit cells, each 

providing a 4.5 m long straight section (see Fig.7). The unit cell has two 22.5 degree 

BMs, a triplet of quadrupoles for the control of dispersion in the achromat section, two 

quadrupole triplets for the adjustment of electron beam sizes in the long straight sections, 

and four sextupoles in the achromat section for the correction of chromaticities. 

 
Fig.7: The INDUS-2 Storage Ring. 
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INDUS-2 shares its injection system with INDUS-1; i.e., the booster synchrotron 

injecting electrons at 700 MeV, after which their energy is further ramped to 2.5 GeV in 

the INDUS-2 storage ring itself. An electron current of ~ 300 mA can be accumulated in 

this storage ring. A total of 22 beamlines can be setup on the 16 BMs of INDUS-2, while 

it has been planned to install insertion devices such as wavelength shifters (WS), multi-

pole wigglers (MW) and undulators (UND) in five of the straight sections of the storage 

ring. For steady operation of the source, the entire storage ring is maintained at a pressure 

of ~ 10-10 mbar in the ultra high vacuum (UHV) regime. The energy lost by electrons in 

the storage ring due to SR emission is replenished with the help of radio frequency (RF) 

cavities supplying RF voltage of ~ 1.5 MV at an RF frequency of ~ 505.812 MHz. This 

enables the electron beam to sustain itself for up to 18 hours. 

 

The source of SR photons for our XPS beamline is a BM. Its properties, and some of its 

important parameters are given below. 

 

3.1 Source properties and parameters 
 
The synchrotron radiation generated from a BM source of INDUS-2 operating at 2.5 GeV 

and a magnetic field of 1.502 T is confined to a very small angular divergence of ~ 0.4 

mrad in the vertical plane (perpendicular to the orbital plane of electrons) (see Fig.8). In 

the horizontal (transverse) plane, the radiation is emitted in a wide swath of fan spanning 

a few milli-radians. The distribution of radiated power of SR photons exhibits a Gaussian 

nature in the vertical plane, with a peak power density of ~ 95.42 W/mrad2 (Fig.9), and a 

uniform distribution in the horizontal plane. About 90 W of SR power is contained in the 

3.0 mrad horizontal divergence of INDUS-2 BM. 

 

 

 

 

 

 

 

 

Fig.8: Schematic diagram of the SR beam emitted by an INDUS-2 BM source. 
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Fig.9: Angular distribution of INDUS-2 BM power along the vertical direction 
(calculated using SPECTRA). About 90% of the total power is concentrated within the 
0.4 mrad vertical angular opening (marked by dotted lines) of the SR beam. 
 

Our beamline will be designed to tap ~ 3 mrad of horizontal SR beam divergence. With 

the storage ring operating at 2.5 GeV, the distribution of photon flux emitted by the 

INDUS-2 BM covers a wide, continuous spectrum ranging from the far infrared (< 1 eV) 

to the hard X-ray regime (> 50 keV). Fig.10 shows this distribution of flux (in 0.1% 

bandwidth (BW)) as a function of photon energy. It is seen that the source offers high 

photon flux in excess of 1012 in the wide energy interval 0.1 eV – 30 keV. 
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Fig.10: Distribution of SR flux emitted by an INDUS-2 BM as a function of photon 
energy. Exactly one half of the total SR power emitted is below the critical energy (eC) 
and one half above it. 
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Some important parameters of INDUS-2 BM source relevant to a beamline design are 

listed in Table-1 below. 

 

Table-1: Main parameters of INDUS-2 source. 
 

PARAMETER SYMBOL [Unit] VALUE 

Beam energy EB [GeV] 2.5 

Beam current I [mA] 300 

Horizontal beam 
emittance εX [nm rad] 58.1 

Vertical beam 
emittance εY [nm rad] 5.81 

Horizontal beam 
size (rms) SX [mm] 0.234 

Vertical beam size 
(rms) SY [mm] 0.237 

Bending field B [T] 1.502 

Critical photon 
energy EC [keV] 6.26 

Vertical SR beam 
divergence 2γ-1 [mrad] 0.4 

Horizontal SR 
beam divergence ӨH [mrad] 3.0 

Total power loss PT [kW] 186.6 

Horizontal power PH [W/mrad] 29.72 

Peak power density PP [W/mrad2] 95.42 

Photon flux* 
NF 

[ph/s/mrad 
horiz/0.1%BW/100mA] 

4.0 × 1012 

Source Brilliance* 
NB 

[ph/s/mrad2/mm2/0.1%BW/100
mA] 

3.4 × 1013 

* at critical photon energy 

Using the parameters listed above we have generated the INDUS-2 BM source by 

employing the ray-trace program SHADOW, and the corresponding ray-diagrams are 

shown in Fig.11 below. 
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(a) 

 
(b) 

Fig.11: Ray-diagrams depicting the geometry of INDUS-2 BM source and its divergence 
expected at (a) 0.0 and (b) 30.0 m. Here, 10000 rays are used to simulate the source in the 
energy range 100 eV – 100 keV. 
 

These figures show the spatial distribution of SR photons in the horizontal and vertical 

directions at a distance of 0.0 and 30.0 m. From Fig.11a, the Gaussian nature of both the 

horizontal and vertical source “points” is recognized. From the Full Width at Half 
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Maximum (FWHM) values, their corresponding rms standard deviation (σ) values can be 

evaluated using the relation, 2.35 σ = FWHM [27]. These values (0.223 and 0.234) are 

found to compare well with those used as inputs (SX and SY) above. The uniform 

distribution of the SR beam in the horizontal plane as well as its Gaussian nature in 

vertical direction is clearly evident in Fig.11b as the beam traces its path along the 

beamline. Further, as expected, the beam is found to diverge spatially up to 9 cm in the 

horizontal direction at 30.0 m from the source with the corresponding opening angle of 

ӨH = 3 mrad. 

 

In fact, the vertical distribution of BM radiation is energy dependent with the harder 

radiation (high energy) being concentrated near the plane of the ring. This distribution 

also has a Gaussian nature with its standard deviation given by [27], 

 

σV (mrad) = (570/ γ).(EC/E)0.43                                           (11) 

 
where, E is the photon energy. 

 

4. XPS beamline 
 

A beamline (BL) devoted to high-resolution studies in the photoelectron spectroscopy of 

solids in the hard X-ray region has been planned at one of the BM sources of INDUS-2. A 

description of some of the components and a systematic study of the energy resolution/ 

overall throughput of this BL to meet its design criteria is presented. 

 

4.1 Design specifications 
 

The important design criteria that this XPS BL is required to meet are presented in Table-

2 below. 
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Table-2: XPS beamline design specifications. 
 

Parameter [Unit] Specification 

Source Bending Magnet 

Photon energy range [keV] 0.8 – 15.0 

Energy resolution ~ 10-4 

Photon flux [ph/s] 1010 – 1011 

Horizontal divergence [mrad] 3.0 

Beam on the target Focussed 

Length of the BL [m] 40.0 

 

4.2 Choice and the description of some BL components 
 

Maintaining UHV (~ 10-10 mbar) conditions at all points (locations) along the BL is 

extremely essential not only to provide a clean environment for sample preparation/ 

analysis but also to prevent degradation in performance of BL optical components by 

minimizing the contamination of their surfaces [41]. Therefore, UHV hardware forms an 

essential requirement for beamlines at SR facilities including INDUS-2. The UHV 

hardware at INDUS-2 beamlines includes components such as sputter ion pumps, turbo 

molecular pumps, titanium sublimation pumps, fast acting valves, gate valves and UHV 

gauges. The BL components thus chosen have to satisfy the criteria of UHV 

compatibility. 

 

Besides UHV compatibility, the BL components at high power SR facilities such as 

INDUS-2 should also possess other important features like resistance to radiation 

damage, good thermal stability, and ease in fabrication and mounting. 

 

At a first glance (see Table-2), it appears that a suitable monochromator may be needed to 

achieve the desired energy resolution of ~ 10-4 in the energy range 0.8 – 15.0 keV, 

whereas the requirement of a focused beam on the target may be fulfilled by using either 

a bent monochromator or a combination of a focusing element such as a mirror and a 

plane monochromator. Thus, it seems that a monochromator (bent or plane) and a 

focusing element (mirror) should form two of the important components of this BL. Slits 
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may be required to improve the BL resolution and/ or to adjust the beam size at the target 

position. These components form a part of BL optics, and play a crucial role in 

determining the overall resolution/ BL throughput. However, before describing the choice 

and properties of each of these optical components, we briefly discuss the important 

section of this (any) BL known as the front-end. 

 

1. The Front-End 

 

The front-end section of the BL is directly connected to the INDUS-2 storage ring, and 

extends up to the radiation-shielding wall. The section measures about 15.5 m in length. 

The components installed in this section comprise the front-end components. These are 

the beam collimator (BC), photon beam position monitor (PBPM), photon beam absorber 

(PBA), fixed mask, beam stopper, beam shutter, and the shielding wall. 

 

The PBPM is used to determine the position of the X-ray beam in a BL. The fixed mask 

defines the horizontal acceptance angle of the BL to ~ 3 mrad (in our case), and also 

protects (masks) mechanical parts of the BL from exposure to SR. The beam shutter is a 

part of the vacuum safety system. It undergoes fast closure to a small leak in milliseconds 

thereby preventing the degradation of vacuum in the storage ring. The closure mechanism 

of the shutter is fed back to the beam stopper, which closes itself so as to protect the 

shutter as well as the downstream BL components from radiation damage. The shielding 

wall protects the personnel from exposure to high-energy ionizing radiations such as 

bremsstrahlung and photo-neutrons that are produced due to the interaction of electron 

beam with vacuum chambers, and other solid components in the vacuum envelope and 

residual gas molecules in it. This wall extends up to 3.5 m in length. The components 

such as beam collimator, PBA, fixed mask and beam stopper are water-cooled to ensure 

their stable- operation. Most of these components are designed and fabricated by the 

Beamlines Section Group at RRCAT [42]. 

 

2. The Optical Components 

 

Here, we describe our choice and the properties of optical elements (OEs) employed for 

the task of achieving the design specifications of the XPS BL. 
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[A] Monochromator 

 

Besides satisfying the general requirements mentioned above, a monochromator at high 

power SR facilities should have additional features such as high intensity transmission, 

energy resolution matched to the experimental needs, wide tunable energy range, absence 

of unwanted harmonic reflections as well as absorption edges in the working energy 

range, high peak to background ratio and availability in suitable quality and size [43]. 

 

Since the desired energy (wavelength, λ) range of our BL lies in the X-ray region between 

0.8 and 15.0 keV (15.5 and 0.82 Å), which coincides with the lattice spacing (d ~ few Å) 

in a crystalline solid, it implies that monochromatization of the incident beam can be 

achieved by suitably utilizing a single crystal satisfying the Bragg condition for X-ray 

diffraction [44], i.e., 

 

    2d sin θB = n λ                                                           (12) 

 

where, θB is the angle made by the incident beam with the crystallographic planes, also 

known as the Bragg angle (see Fig.12), n is the order of reflection.  

 

  

 

 

 

 

 
Fig.12: Schematic diagram of a crystal undergoing Bragg diffraction. 

 

Depending on the value of its d-spacing, the crystal can be used to monochromatize 

(scan) photons in a range of energies. However, the crystal will not diffract photons 

whose λ is less than its 2d-spacing value. Further, a continuous dynamical interaction 

between the diffracted and the incident beams within a perfect single crystal, as explained 

by the dynamical theory of X-ray diffraction [45], as well as the finite penetration depth 

of X-rays into the crystal imparts a finite (non-zero) energy-dependent width to its 
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reflection curve about the Bragg angle θB. This width is called the Darwin width (~ μrad), 

and is given by, 

 

ωS = 2 (λ2 r0 C |F| e-M)(π V sin 2θB)-1                                                     (13) 

 

where, r0 is the classical electron radius, C the polarization factor, V the unit cell volume, 

F the crystal structure factor, and e-M the temperature factor. 

 

The intrinsic energy resolution of a crystal monochromator is thus limited (governed) by 

the Darwin width, and is given by, 

 

(ΔE/E)mono = Δλ/ λ = ωS cot θB                                                                (14) 

 

(ΔE/E)mono is typically ~ 10-4 for a perfect crystal; and for a given crystal, it remains 

constant for a range of X-ray energy photons. Moreover, perfect crystals exhibit high 

reflectivities as compared to less perfect (or mosaic) crystals. 

 

The 2d-spacings, energy resolution and the working energy range (of our interest) of 

some of the widely used/ studied crystals as X-ray monochromators at different SR 

facilities around the world are presented in Table-3 below. 

From Table-3, it is clear that no single crystal (with a given 2d-spacing) covers our entire 

energy range of interest. However, it is seen that the Si (111) reflection covers a wide 

spectrum (2.1 – 15.0 keV) of our range of interest with a good resolution of ~ 1.40 × 10-4, 

and offers the highest intensity [45]. Moreover, the 2nd order harmonics are completely 

absent from the Si (111) reflection, which is highly desirable. Further, Si does not show 

any absorption edge in this working range (see Fig.13a), and as compared to its 

counterpart Ge, it offers much better resistance to high power SR heat loads [46]. 

Moreover, as a result of spin-off of the semiconductor industry, highly perfect, and cost-

effective single crystals of Si can be available in large sizes of the order of 1 m in length 

[28]. 
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Table-3: Important parameters of some crystal monochromators. 
 

Crystal h k l 2d (Å) (ΔE/E)mono 
(10-4) Emin (keV) Emax (keV) 

111 6.27 1.40 2.1 15.0 

333 2.09 0.08 6.5 42.6 Silicon (Si) 

220 3.84 0.54 3.5 23.2 

111 6.53 3.07 2.1 13.6 
Germanium 

(Ge) 
220 4.00 1.37 3.4 22.2 

Beryl 
(Be3Al2Si6O18

) 
10ī0 15.95 3.00 0.8 2.5 

Indium 
antimonide 

(InSb) 
111 7.48 5.00 1.7 4.0 

α-quartz 
(SiO2) 

10ī0 8.51 2.50 1.5 3.7 

Sodium β-
alumina 

(NaAl11O17) 
0002 22.49 – 0.6 1.5 

YB66 400 11.76 5.00 1.1 1.9 
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Fig.13: Absorption characteristics of silicon and beryl crystals as a function of photon 
energies. 
 

For the lower energy range, beryl crystal is found to offer a decent resolution of ~ 3.0 × 

10-4 while covering the working range of our interest, i.e. 0.8 – 2.0 keV. However, beryl 
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undesirably offers absorption lines at ~ 1.55 and 1.84 keV belonging to the Al and Si K 

edges, respectively, which are its constituents (see Fig.13b). Nevertheless, it has been 

reported to provide a highly monochromatic light of good intensity at other energies 

between 0.8 and 2.0 keV [47,48]. 

 

We have therefore selected Si (111) single crystal and beryl (10ī0) crystal as the 

monochromators of our choice to cover our entire working energy range from 0.8 – 15.0 

keV. 

 

The SR beam at our BL needs to traverse a distance of ~ 40.0 m to reach the sample 

position in the experimental chamber. A single monochromator will deflect the exit 

beams in different directions as the photon energy is scanned over a range of energies. 

This may require a regular shifting of the experimental station to follow the exit beam as 

the energy is scanned. However, it is neither feasible nor practical to implement this 

regular shifting of experimental station where the distances are of ~ 10’s of meters, with 

other stringent requirements such as alignments, etc. It is therefore reasonable to produce 

exit beams that are parallel to, but slightly displaced from, the primary incident beam 

direction. This can be accomplished by using a second crystal (usually of the same kind) 

in the non-dispersive (+1, -1) geometry (see Fig.14) [49]. 

 

 

 

 

 

 

 

 

 

 

Fig.14: Schematic diagram showing the double crystal monochromator in a non-
dispersive (+1, -1) geometry. 
 

Accordingly, we have employed a second Si (111) and a beryl (10ī0) crystal, as shown in 

Fig.14. Each of these pair of crystals constitutes a DCM. For reasons that will be 
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explained later, the DCM will be kept (positioned) at a distance of 30.0 m from the 

INDUS-2 BM source. For this distance, the length of the SR beam footprint on the first 

crystal surface in the vertical direction for different photon energies, and some important 

crystal parameters (computed using SHADOW) are presented in Table-4 below. 

 
Table-4: Crystal parameters, the vertical beam divergence and its footprint on the first 
crystal of the DCM as a function of photon energy at 30.0 m from the INDUS-2 BM. 
 

Crystal 

Photon 

energy, E 

(keV) 

θB˚ ωS (μrad) 

Full vertical 

beam 

divergence, 

ΦV (mrad) 

Length of 

vertical 

footprint 

(mm) 

0.8 76.30 1230.6 1.508 46.6 

1.0 51.00 370.5 1.384 53.4 

1.4 33.70 200.0 1.180 63.8 
Beryl (10ī0) 

2.0 22.87 126.5 0.996 76.9 

2.1 70.34 306.9 0.976 31.1 

4.0 29.60 81.6 0.712 43.2 

6.0 19.24 51.5 0.596 54.2 

8.0 14.31 37.1 0.508 61.6 

10.0 11.40 29.4 0.464 70.4 

12.0 9.48 24.1 0.420 76.5 

Si (111) 

15.0 7.57 19.3 0.376 85.6 

 

 

From Table-4, it is seen that the incident SR beam vertical divergence is larger than the 

Darwin width for all the energies in our working range. This implies that the intensity of 

the reflected beam will be determined by the integral reflecting power (area under the 

reflecting curve) of the crystal in our case [11]. However, this may lead to the loss of 

some useful photons. Further, it is seen that as the crystal is scanned in the working range 

of energies, the beam projects a maximum vertical length of ~ 85.6 mm on the crystal 

surface. This indicates that our crystal has to be more than 85.6 mm in length if it has to 

intercept the beam’s full vertical divergence. With the horizontal beam divergence set at 

3.0 mrad, the beam projects a width of ~ 90.0 mm at 30.0 m from the source. Hence, we 
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have chosen our crystal dimensions to be 100 mm × 100 mm (see Fig.15). The crystal 

thickness will be optimized in Sect. 5 where the effect of SR heat load on its deformation 

will be studied. 

 

 
Fig.15: Schematic diagram of our crystal monochromator. 

 

Due to the divergence of SR (see Table-4), and a large distance (~ 40.0 m) between the 

sample and the source, it is desirable to focus the radiation to increase the useful intensity 

in a small spot at the sample location. This requirement (a design criteria) of a focused 

monochromatic beam at the sample position can be fulfilled by suitably bending the 

crystal. 

 

Beryl crystals are difficult to bend, and may crack or even break under a bending force. 

This indicates the use of a suitable pre-mirror with a curved surface to achieve the desired 

focusing. On the other hand, Si crystals are bendable, thereby indicating their use in 

focusing [50,51]. 

 

Between the two SR beam divergences (horizontal and vertical), it is most worthwhile to 

focus the horizontal, which can contribute ~ 100 times more to the intensity, than 

focusing the vertical divergence. To accomplish horizontal (also known as sagittal) 

focusing, we will have to bend the second crystal of Si (111) in the corresponding 
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direction. The amount of bend that must be provided to the crystal in the sagittal direction 

so that it diffracts and focuses photons of a given energy is characterized by its radius of 

curvature, and is given by [50], 

 

RSAG = (2 F1 F2 sin θB). (F1 + F2)-1                                           (15) 

 

Where, F1 and F2 are distances of the crystal from the source and the sample (focal) 

positions respectively. 

 

We define another quantity called the magnification factor, M as, 

 

M = F2/ F1                                                             (16) 

 

For horizontal beam divergences above 2.5 mrad, an optimum value of M (= 0.33 or 1/3) 

has been reported at which the transmitted SR beam intensity becomes maximum for a 

sagittally bent crystal [52]. We have therefore positioned our DCM at 30.0 m from the 

source so that our sagittally bent Si (111) crystal is allowed to focus 10.0 m downstream 

at its focal (sample) position so as to satisfy the optimum value of M = 1/3 for maximum 

intensity transmission. 

 

However, sagittal bending of the crystal is always accompanied by a corresponding 

bending in the vertical (also known as the meridional) plane primarily due to its Poisson 

ratio, ν (see Fig.16). This orthogonal bending is termed as an anticlastic bending, with its 

corresponding anticlastic radius of curvature (RAC) given by, 

 

RAC = RSAG/ ν                                                          (17) 

This anticlastic effect leads to a reduction in the beam intensity at the focal spot due to the 

spread in diffraction plane’s positions, and may become undesirably noticeable if the 

spread in Bragg angle (ΔθE) (given by Eqn.18) at the second crystal exceeds some 

fraction of its Darwin width [50]. 

 

ΔθE = (F1 ΦV). (2 RAC sin θB)-1                                             (18) 
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Fig.16: Schematic diagram showing the generation of an anticlastic curvature (RAC) in the 
2nd crystal when bent in the sagittal direction with a corresponding radius RSAG. 
 

 

For the case of our sagittally bent second Si (111) crystal (ν = 0.25), we have estimated its 

sagittal and the corresponding anticlastic radii of curvatures, as well as the resulting 

spread in its Bragg angle in its working energy range. These values are presented in 

Table-5 below. 

 

Table-5: Values of sagittal and anticlastic radii, and the corresponding spread in Bragg 
angle for the sagittally bent 2nd crystal as a function of energy. 
 

Energy 

(keV) 

RSAG 

(m) 

RAC 

(m) 

ωS 

(μrad) 

ΔθE 

(mrad) 

2.1 14.12 56.50 306.9 0.275 

4.0 7.41 29.63 81.6 0.729 

6.0 4.94 19.77 51.5 1.372 

8.0 3.70 14.83 37.1 2.078 

10.0 2.96 11.86 29.4 2.970 

12.0 2.47 9.88 24.1 3.866 

15.0 1.97 7.90 19.3 5.416 
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From Table-5, we find that the spread in Bragg angle greatly exceeds the Darwin width 

for perfect crystal reflection in the entire working range. The situation becomes worse for 

the diffraction of 15.0 keV photons when ΔθE ~ 280 times its corresponding ωS. This is 

due to the observed progressive increase in the anticlastic curvature with increased 

sagittal bending when focusing higher energy photons. 

 

The highly detrimental anticlastic effect can, however, be eliminated or suppressed 

significantly either by cutting deep slots (that act as hinges) in a thick crystal [53], or by 

using a thin crystal with stiffening ribs (along the meridional plane) on the rear face [50]. 

We have opted for the latter. In this case, the ribs are machined integral with the crystal 

from a thick monolithic Si block, as schematically shown in Fig.17. 

 

            
Fig.17: Schematic diagram of a crystal with stiffening ribs to resist anticlastic bending 
when used for sagittal focusing. 
 

The height (h), spacing (s) and width (w) of the ribs determine the resistance of the 

crystal to anticlastic bending. In the thin plate approximation and for an elastically 

isotropic material, RAC and RSAG for a ribbed crystal are related as, 

 

RAC/ RSAG = ν-1 {1 + (w/ s) (h/ t)3 (1 – ν2)}                                    (19) 

 

Where, t is the crystal thickness. 

 

For our crystal, we have taken t = w = 0.5 mm and s = 2.5 mm. Using Eqn. 18, we have 

first estimated the permissible values of anticlastic radii (RACP) that will restrict the spread 

in Bragg angle to one-tenth of the corresponding Darwin width so as to ensure diffraction. 

The calculated RACP was then utilized in Eqn. 19 to estimate the height of the ribs that 

would be required to limit ΔθE to within 10 % of ωS. These results are listed in Table-6. 
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Table-6: Corrected values of anticlastic radii and the corresponding rib height to limit the 
spread in Bragg angle to 10 % of ωS for the sagittally bent 2nd crystal. 
 

Energy 

(keV) 

RSAG 

(m) 

RAC 

(m) 

RACP 

(km) 

Rib 

height, 

h (mm)

2.1 14.12 56.50 0.50 1.88 

4.0 7.41 29.63 2.65 3.92 

6.0 4.94 19.77 5.27 5.63 

8.0 3.70 14.83 8.31 7.20 

10.0 2.96 11.86 11.97 8.77 

12.0 2.47 9.88 15.86 10.23 

15.0 1.97 7.90 22.18 12.32 

 

From Table-6, it is seen that the permissible anticlastic radii have to be more than 2 

orders of magnitude greater than RAC in order to ensure proper diffraction during the 

sagittal bending of our crystal. Further, the necessary height of the ribs is found to 

increase with increasing X-ray energy. This study indicates that a minimum rib height of 

~ 12.3 mm is required to sagittally focus (diffract) 15.0 keV photons. We have decided to 

keep a rib height of ~ 14.0 mm that will further restrict the spread in Bragg angle to ~ 7 % 

of ωS for 15.0 keV X-rays. Fig. 2.18 shows the dimensions of our second Si (111) crystal 

with stiffening ribs. 

 

Our bending mechanism consists of a pair of inner and outer bending rods that are 

parallel to the ribs. These rods could be moved relative to each other in the plane of the 

crystal plate to apply the necessary bending moment for generating the desired crystal 

curvature for sagittal focusing. All the bending rods are 12.7 mm in diameter. 

 

We have evaluated the force (F) that must be applied to the outer bending rods for 

generating the desired radius of curvature (RSAG) of the crystal for sagittal focusing. 
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Fig.18: Schematic diagram showing the dimensions of the 2nd Si (111) crystal of our 
DCM with stiffening ribs cut parallel to the bending rods. A total of 40 ribs are cut within 
the useful crystal width of 100.0 mm. 
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For this purpose, we have employed the beam theory, according to which F is related to 

RSAG by the following relation; also see Fig. 19. 

 

F = (Y b t3) (12 RSAG d)-1                                                 (20) 

 

Where, Y is the Young’s modulus of the crystal material. Other quantities such as b, t and 

d are shown in Fig. 19. 

           
Fig.19: Schematic diagram showing the application of force at the ends of a crystal plate 
(beam) with the necessary geometry for its sagittal bending. 
 

For our case, with t = 0.5 mm, b = 130.0 mm, d = 15.0 mm and Y = 131 GPa (for Si), the 

values of F evaluated for different radii of curvatures (RSAG) corresponding to sagittal 

focusing of different photon beam energies are given in Table-7. 

 
Table-7: Values of bending force required for sagittal bending of the 2nd Si (111) crystal 
of the DCM for sagittal focusing of different photon beam energies. 

Energy 

(keV) 

Sagittal radius of 

curvature, RSAG (m) 

Bending force, 

F (N) 

2.1 14.12 0.837 

4.0 7.41 1.596 

6.0 4.94 2.393 

8.0 3.70 3.190 

10.0 2.96 3.988 

12.0 2.47 4.784 

15.0 1.97 5.985 
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From Table-7, we find that the magnitude of the bending force increases as the crystal is 

set to focus higher energy photons, and is due to the requirement to maintain higher 

crystal curvature characterized by lower values of sagittal radii for higher energies. 

Typically, F is found to vary from ~ 0.84 to ~ 6.00 N as the photon beam energy is varied 

from 2.1 to 15.0 keV for sagittal focusing. 

 
(a) 

 
(b) 

Fig.20: The distribution of INDUS-2 BM 15.0 keV photons at the (a) source, and its (b) 
image at 40.0 m from the source, formed due to sagittal focusing. 
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[A.1] Energy Resolution 

In Fig.20 below, we give ray-diagrams showing the distribution of 15.0 keV X-ray 

photons of INDUS-2 BM at the source position, and its resulting image at 40.0 m from 

the source, formed due to the sagittal focusing by the DCM kept at 30.0 m from the 

source. Due to sagittal focusing, the image at the focal position shows a small horizontal 

width (FWHM) of ~ 0.237 mm (comparable to source dimensions) relative to its vertical 

extent of ~ 8.22 mm. 

As stated in Eqn.14 above, the energy resolution of a monochromator is limited by its 

Darwin width. However, the resolution of a monochromator is also influenced by the 

vertical divergence (angular spread) of the incident beam and the angular size of the 

source, (Δθ)SOURCE, subtended at the monochromator. The incident beam divergence can 

be limited by using an entrance slit for the monochromator whose angular opening, 

(Δθ)SLIT, can be varied (see Fig.21). The overall energy resolution of a monochromator 

can now be written as [54], 

 

(ΔE/E) = { (ΔE/E)2
mono + [ (Δθ)2

SOURCE  + (Δθ)2
SLIT ] cot2 θB }1/2                       (21) 

 

where, (Δθ)SOURCE = 4 SY/F1. 

 

 

 

 

 

 

 

 

 

 

 

Fig.21: Schematic diagram showing the source-slit-monochromator combination for the 
calculation of energy resolution. 
 

For our case, F1 = 30.0 m, SY = 0.237 mm so that (Δθ)SOURCE = 0.0316 mrad. 

(Δθ)SLIT (Δθ)SOURCE

Source 

Slit 

Monochromator
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To calculate the resolution of our monochromator using Eqn. 21, we have taken the 

FWHM value of (Δθ)SLIT for each of the energies in our working range. The results of 

these calculations are presented in Table-8. 

 

Table-8: Energy resolution of beryl (10ī0) and Si (111) crystals calculated for different 
energies.  
 

Energy (keV) (Δθ)SLIT (mrad) (ΔE/E) 10-4 

0.8 0.886 3.7 

1.0 0.813 7.2 

1.4 0.693 10.8 

2.0 0.585 14.2 

2.1 0.573 2.3 

4.0 0.418 7.5 

6.0 0.350 10.1 

8.0 0.298 11.8 

10.0 0.272 13.7 

12.0 0.246 14.9 

15.0 0.221 16.8 

  

It is seen from Table-8 that the resolution degrades by about an order of magnitude as the 

energy is increased from 0.8 to 2.0 keV and from 2.1 to 15.0 keV for the beryl (10ī0) and 

Si (111) crystals respectively. Moreover, the crystal resolution is likely to degrade 

significantly if its thermal deformation under SR heat load is comparable to its Darwin 

width. However, for a given energy, the resolution may be improved by decreasing the 

angular slit opening, at the cost of useful photon beam intensity at the sample position. 

 

However, Eqn.21 does not take into account the diffraction (transmission) characteristics 

of a monochromator crystal. Nevertheless, it provides estimation of the order of 

resolution that we can expect. 

 

[A.2] Harmonic Rejection 

Referring to Eqn.12 above, we find that for a given value of θB, the nth order of photon 

wavelengths λ/n may also be present in the diffracted photons of wavelength λ. These 
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higher orders of photons with wavelengths λ/n constitute the higher harmonics, which 

may lead to contamination of the fundamental λ of the photons. 

 

In certain experiments such as X-ray absorption spectroscopy, the presence of harmonics 

may result in drastic errors in the measurements of amplitudes of the absorption 

coefficient. However, the integral reflecting power of a harmonic decreases more rapidly 

than n-2 as its order n increases [43]. Nevertheless, it is always desirable to eliminate or 

suppress the presence of such higher harmonics, so as to ensure the highest 

monochromaticity. The angular width of a perfect crystal reflection curve is less for 

harmonics than for the fundamental [43]. This property can be effectively utilized to 

suppress higher harmonics by giving a small rotation (angular tilt) to the 2nd crystal in a 

DCM from its exact parallel position. 

 

As mentioned before, the Si (111) reflection does not show the presence of 2nd harmonics, 

but exhibits higher harmonics such as the 3rd, 4th and 5th. However, its reflecting powers 

(I) for harmonics greater than 3 fall to negligibly low values [45]. We have estimated the 

angular tilt of the second Si (111) crystal in our DCM, and studied its effect on the width 

(WRC) and height (PH) of the double crystal reflection curves of both the fundamental 

energy and its 3rd harmonic in our working range, using SHADOW. The results of this 

study are shown in Fig.22 for the case of 6.0 keV photons, while for the entire working 

range of Si (111), the results are listed in Table-9 below. 
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Fig.22: Effect of angular tilt of the second Si (111) crystal on its reflection curves for 6.0 
keV photons and its 3rd harmonic. The tilt leads to a significant reduction of the 3rd 
harmonic as compared to its fundamental. 
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Table-9: Estimated angular tilts of the 2nd Si (111) crystal for effective harmonic 
rejection.  
 

3rd harmonic reflection 
Fundamental 

reflection 

Single Shifted (double) Shifted (double) 
E 

(keV) 

Angular 

tilt 

(μrad) WRC 

(μrad) 
PH I 

WRC 

(μrad)
PH I 

WRC 

(μrad) 
PH I 

2.1 32.0 28.0 0.86 27.9 18.8 0.12 3.0 208.8 0.25 60.2 

4.0 6.5 6.0 0.95 6.5 4.3 0.13 0.7 65.6 0.65 42.3 

6.0 4.0 3.5 0.98 4.0 3.3 0.11 0.4 43.8 0.81 35.3 

8.0 3.5 3.1 0.99 3.4 3.2 0.07 0.2 33.0 0.88 29.1 

10.0 2.5 2.1 0.99 2.4 2.0 0.10 0.2 27.4 0.92 24.8 

12.0 2.0 1.7 0.99 1.8 2.1 0.08 0.2 21.1 0.95 21.2 

15.0 1.35 1.3 0.99 1.5 1.1 0.23 0.3 17.3 0.93 15.1 

 

From Table-9, it is found that the angular tilt of the second crystal required to suppress 

the 3rd harmonic from the Si (111) reflection increases as the photon energy is decreased. 

For effective harmonic suppression, the tilt has to be greater than the width of the 

harmonic reflection curve. However, the tilt does not significantly affect the double 

reflection characteristics of the fundamental energy, as shown in Fig.22 and listed in 

Table-9, thereby ensuring an effective harmonic rejection. 

 

[A.3] Beam Offset 

 

The extent of the vertical displacement of the diffracted beam, with respect to its incident 

beam, after it bounces off from the 2nd crystal in a DCM arrangement is termed as the 

beam offset, and is denoted by h. It is important to fix the value of h for a range of 

working energies so as to ensure that the outgoing beam follows the same path on its way 

to the sample position, which is also held fixed. 

 



 47

Here, we determine the minimum value of the beam offset (h) required for our DCM.  

The minimum length of the first crystal (L1) and the largest Bragg angle, θBmax (i.e. the 

lowest energy, Emin of the monochromator) determine the minimum offset (see Fig.23). 

 

 

 

 

 

 

 

 

 

 
 
 

Fig.23: Schematic diagram of the DCM geometry to determine the beam offset. 
 

From Fig.23, it can be shown that  

 

h ≥ ( L1/2 ) sin θBmax + vb/2                                                    (22) 

 

In our case, we have L1 = 86.0 mm, θBmax = 76.3˚ corresponding to Emin = 0.8 keV, and 

the vertical beam dimension, vb = 0.4 mrad × 30.0 m = 12.0 mm, so that h ≥ 48.0 mm. 

 

The calculation indicates a minimum beam offset of ~ 48.0 mm for our DCM. We have 

hence fixed (considered) the value of beam offset to be 55.0 mm for our DCM for further 

calculations. 

 

[A.4] Crystal Translation 

 

The first crystal will be held fixed at its position in the beamline; however, it can be 

rotated to vary its Bragg angle so that it scans photon energies in its working range. In 

order to keep the direction of the exit beam fixed in the working energy range of the 

DCM, it is therefore desirable to move (translate) the 2nd crystal accordingly in addition 

to its rotation. To facilitate the necessary crystal translations, we will be mounting our 2nd 
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Beam 

θBmax 

vb/2 
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Beam  2nd crystal

1st crystal 

h 
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crystal on a linear X–Y stage assembled on the rotation stage as shown in Fig.24. The 1st 

crystal will be mounted on the center of the same rotation stage. A constant beam offset 

(h) would then be maintained during the energy scan by suitably moving the 2nd crystal 

on the X–Y table during the rotation of the 1st crystal. Since we will be using two pairs of 

crystals in our DCM arrangement, the second pair will be mounted on the same rotation 

stage adjacent to first pair, but along the direction perpendicular to the X–Y table, i.e., the 

Z-direction (not shown in Fig.24). Such a mount would enable us to suitably translate the 

desired crystal pair along this direction so that it faces the SR beam. 

 

 

               
 
Fig.24: Schematic diagram depicting the rotating stage and the linear X–Y stage on 
which our DCM will be mounted so as to realize the parallel (x) and perpendicular (y) 
translations of the 2nd crystal during the energy scan such that a constant beam offset is 
maintained. 
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Fig.25: Schematic diagram of the DCM geometry to determine translations of the 2nd 
crystal. 
 

We now evaluate the amount of translation required for the 2nd crystal along these X and 

Y directions as our DCM is scanned in its working energy range. Referring to Fig.25, we 

find that in order to keep a fixed exit beam direction, i.e., a constant h, the parallel (x) and 

perpendicular (y) distances between the two crystals need to be varied as the Bragg angle, 

θB is varied to scan a range of photon energies. Motion along the X and Y directions 

thereby constitute the parallel and perpendicular translations of the 2nd crystal 

respectively. From Fig.25, it can be shown that 

 

x = h / 2 sin θB                                                                                    (23) 

 

y = h / 2 cos θB                                                                                   (24) 

 

 

Taking h = 55.0 mm (fixed), we have calculated the values of x and y for different θB in 

our working range. The results are shown in Fig.26 below. 
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Fig.26: Parallel and perpendicular distances between the two crystals in our DCM as a 
function of Bragg angle for a fixed beam offset of 55.0 mm. 
 

From Fig.26, we find that for a fixed beam offset of 55.0 mm, the parallel distance 

between the two crystals of our DCM increases to its maximum value of ~ 209 mm when 

used to diffract 15.0 keV photons (θBmin = 7.6°) whereas the perpendicular distance 

reaches its maximum value of ~ 116 mm while diffracting 0.8 keV photons (θBmax = 

76.3°). 

 

The observed contrast in the values of parallel and perpendicular distances obtained for 

extreme θB values (see Fig.26), for a given beam offset h, can be easily understood by 

referring to Fig.27 below. This figure clearly shows the maxima and minima obtained for 

the parallel and perpendicular distances between the two crystals in a DCM arrangement 

when the 1st crystal is rotated to include the extreme values of Bragg angles (θBmin and 

θBmax) for a fixed beam offset of h. Moreover, Fig.27 indicates an additional translatory 

motion for the 2nd crystal along the direction of the diffracted beam. This motion results 

due to the requirement of a constant beam offset when the DCM is scanned for photon 

energies in its working range, and the corresponding displacement of the 2nd crystal is 

denoted by T. The values of T can be calculated using the following relation: 

 

T = h cot 2θB                                                            (25) 

We find that at θB = 45°, T = 0. This implies that the values of displacement obtained 

using Eqn. 25 are with respect to its value (= 0) obtained when the Bragg angle is 

adjusted to 45°. 
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Fig.27: Schematic diagram depicting geometrically the variation in the parallel and 
perpendicular translations of the 2nd crystal of the DCM as the 1st crystal is rotated to vary 
its Bragg angle while maintaining a constant beam offset. 
 
This indicates that for θB < 45°, T will be positive whereas for θB > 45°, T will be 

negative (see Fig.27). The values of T obtained for the 2nd crystal of our DCM as the 

Bragg angle is varied from 7.6 – 76.3° for h = 55.0 mm (fixed) are plotted in Fig.28. The 

maximum displacement (T) of our 2nd crystal is respectively found to be ~ 203 and 106 

mm in the positive and negative directions (as depicted in Fig.27)  
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Fig.28: Displacement of the 2nd crystal of our DCM along the direction of the diffracted 
beam as a function of Bragg angle for a constant beam offset of 55.0 mm. 
 

[A.5] Angular Resolution, Pitch and Roll Errors 
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(a) Minimum angular step / angular resolution: 

 

As seen before, the energy resolution (ΔE/E) of our monochromator is approximately of 

the order of 10-4 in the entire energy range from 0.8 – 15.0 keV. Since the Darwin width 

of a crystal monochromator is the least at its highest diffraction energy, we have 

evaluated the minimum angular step size (ΔθANG) needed to achieve the desired energy 

resolution at 15.0 keV in our case. Accordingly, for E = 15.0 keV, ΔE = 1.5 eV. 

 

Differentiating Eqn. 12 of Bragg’s Law and writing it in terms of energy we get, 

 

2d cosθB ΔθANG = (12400/E2) ΔE                                          (26) 

 

With Si (111) crystal (2d = 6.271 Å) set to diffract 15.0 keV photons, θB = 7.6° so that 

ΔθANG = 13.3 μrad. 

 

This calculation indicates a minimum angular step size of ~ 13.3 μrad so that our DCM 

achieves the desired energy resolution of ~ 10-4 in its working range. However, this 

calculation does not take into account the diffraction properties of the crystal explicitly. It 

however provides a reasonable estimate of the order of its angular step size. 

 

Referring to Table-9, we find that the angular tilt required for efficient harmonic rejection 

by the 2nd Si (111) crystal of our DCM while diffracting 15.0 keV photons is ~ 1.35 μrad. 

This angular tilt can be achieved only when the angular resolution of our DCM is better 

than 1 μrad. 

 

We thus conclude that the angular resolution of our DCM should be better than 1 μrad if 

it is to preserve not just its energy resolution but also be able to effectively reject higher 

harmonics when used to diffract higher energy photons. 

 

 

 

(b) Pitch error: 
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Referring to Fig.24, θBF and θBM denote the Bragg angles of the 1st (fixed) and the 2nd 

(moving) crystals of the DCM respectively. In addition, φF and φM represent the 

corresponding rotation angles of the two crystals around the X-axis, and ΘF and ΘM are 

the corresponding angle rotations around the Y-axis.  

 

If the surface plane of the 2nd crystal is maintained exactly parallel with respect to the 1st 

crystal during the energy scan, the diffracted beam will always follow the same path to 

maintain a constant beam offset without any deviation. Practically, however, a certain 

amount of deviation from the parallelism between the two crystals does occur. For 

instance, the angle error of ΔθP = θBF – θBM results when the 2nd crystal slightly slips 

away from the Bragg condition for diffraction, and could lead to a total loss of diffracted 

beam intensity at the target position if its value approaches that of the Darwin width of 

the crystal used in the DCM. The angular scan of the DCM along its Bragg angle is 

termed as the pitch, whereas the quantity ΔθP resulting due to Bragg angular 

misalignment is termed as the pitch error. Here, we estimate the values of ΔθP that can be 

tolerated for our DCM. 

 

Referring to Table-9, we find that the angular tilt required for efficient harmonic rejection 

by the 2nd Si (111) crystal of our DCM increases, as the photon energy is decreased. 

Typically, the tilt is found to vary from ~ 1.35 to 32.0 μrad as the energy is decreased 

from 15.0 to 2.1 keV. At these angular tilts, the 2nd crystal not only rejects higher 

harmonics from the incoming beam but also largely preserves the beam intensity after 

diffraction. 

 

Thus, we can consider the values corresponding to the angular tilts of the 2nd Si (111) 

crystal of our DCM used for harmonic rejection, as the upper limit of pitch errors. These 

values are presented in Table-10 below. Here, we have also given the shift (evaluated 

using SHADOW) in the exit beam’s vertical position at the target for the corresponding 

values of pitch errors.  

 

Table-10: Estimated shifts in the vertical beam position, corresponding to Bragg angle 
misalignments between the two crystals of our DCM, as a function of photon energy. 
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Photon energy, E (keV) 
Bragg angle misalignment 

(μrad) 

Shift in vertical beam 

position (mm) 

2.1 32.0 0.60 

4.0 6.5 0.20 

6.0 4.0 0.10 

8.0 3.5 0.10 

10.0 2.5 0.10 

12.0 2.0 0.05 

15.0 1.35 0.00 

 

From Table-10, we find that the exit beam’s vertical position shifts by about 0.60 mm at 

the target as the energy is scanned from 15.0 to 2.1 keV. As we will see later, this shift is 

of the order of vertical beam width (~ 0.55 mm) at the target position when a focusing 

mirror is employed before the DCM. In order to minimize this shift to less than 20 % of 

the minimum vertical beam width obtained at the target position, it is preferable to restrict 

the value of pitch error to less than 4.0 μrad. 

 

We thus conclude that for efficient and proper functioning of our DCM, the pitch error 

should not exceed 4.0 μrad. 

 

(c) Roll error: 

 

Referring to Fig.24, we find that another kind of an angle error defined by ΔφR = φF – φM 

could result when an angular misalignment occurs between the two crystals about the X-

axis. An appreciable value of ΔφR could significantly change (shift) the exit beam’s 

horizontal position from its desired target. The angular tilt of the DCM about the X-axis is 

termed as the roll, whereas the quantity ΔφR resulting due to angular misalignment 

between the two crystals about the X-axis is termed as the roll error. Here, we estimate 

the values of ΔφR that can be tolerated for our DCM.  
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For a given roll error, the horizontal shift in the diffracted beam is more when the crystals 

are set to diffract low energy photons as compared to that obtained for higher energy 

ones. This is due to the higher values of Bragg angles for crystals when diffracting low 

energy photons than higher energy ones. We have therefore studied the effect of roll 

errors on the horizontal shift in the exit beam’s position at the target for the lowest energy 

of our beamline, i.e., 0.8 keV. The results obtained from this study (evaluated using 

SHADOW) are presented in Table-11.  

 

Table-11: Estimated shifts in the horizontal beam position for diffraction energy of 0.8 
keV as a function of roll error. 
 

Roll error, ΔφR (μrad) 
Shift in horizontal beam 

position (mm) 

50 1.00 

20 0.40 

10 0.20 

5 0.10 

2 0.05 

 

From Table-11, we find that the shift in the exit beam’s horizontal position increases from 

~ 0.05 to 1.00 mm as the roll error is increased from 2 to 50 μrad. The shift obtained for a 

roll error of 50 μrad (~ 1.00 mm) is nearly 5 times the horizontal beam width (~ 0.20 mm) 

obtained at the target when the 2nd crystal of our DCM is sagittally bent for horizontal 

focusing. Therefore, in order to minimize this shift to less than 20 % of the horizontal 

beam width obtained at the target position, it is preferable to restrict the roll error to less 

than 2.0 μrad. 

 

Thus, for efficient and proper functioning of our DCM, its roll error should not exceed 2.0 

μrad. 

 

A summary of some of the important parameters deduced for our DCM is provided in 

Table-12. 
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Table-12: Design parameters of our DCM. 
 

Parameter Value 

Energy scan range 0.8 – 15.0 keV 

θB scan range 7.6° – 76.3° 

Beam offset 55.0 mm 

Angular resolution < 1 μrad 

Pitch error < 4 μrad 

Roll error < 2 μrad 

 

 

[B] Mirror 

 

A mirror in an SR beamline offers many advantages. Besides focusing the divergent SR 

beam into a small intense spot at its focal position, it also serves to reject higher 

harmonics, as well as reduce the heat load on the downstream components by absorbing 

most of the SR beam power delivered by higher energy photons. 

 

The working principle of a typical X-ray mirror is briefly discussed below: 

 

The interaction of X-rays with a medium is described in terms of the wavelength (λ) 

dependent complex refractive index (μ) that accounts for its absorption properties as well. 

In the absence of absorption, μ is real with a value < 1, due to which for any given λ (in 

Å), total external reflection occurs for grazing angle (θg) less than the critical angle, θc (in 

radians) given by [45], 

 

θc = 2.34 × 10-3 (Zρ/A)0.5 λ                                               (27) 
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where Z, A and ρ are the atomic number, mass number and density (in g/cm3) of the 

material. However, the effect of absorption broadens the sharp cut-off in the reflectivity 

of a material. Thus, for a given θg, only the X-rays with λs more than a certain critical 

value are reflected more efficiently than the energetic ones. 

 

Further, to collect the full SR beam vertical divergence (ΦV) for a given grazing angle, θg, 

the mirror has to be approximately L long (see Fig.29); where L is given by [27], 

 

L = [2 u sin (ΦV/2)]/ sin θg                                                   (28) 

 

Where, u is the source-mirror distance.  

 

 

 

 

 

 

Fig.29: Geometry to determine the length of a grazing incidence mirror. 
 

On the other hand, the use of a high-Z material increases the value of θc that results in a 

decrease in the corresponding value for the length of the mirror for a given ΦV and u (see 

Eqns. 27 and 28). Therefore, X-ray mirror surfaces are often coated with high-Z materials 

so that it can collect photons at much shorter lengths [27,45]. The widely used high-Z 

mirror coating materials are Pt, gold (Au) and rhodium (Rh).  

 

It is clear from the above discussion that the surface of a mirror plays a crucial role in its 

reflection characteristics. It therefore becomes important to suitably grind and polish the 

useful surface of the mirror substrate before coating so as to minimize the surface 

imperfections (irregularities) such as the roughness and figure errors that may degrade its 

reflection as well as focusing properties [27]. (The meaning of these imperfections and 

u θg 

ΦV
L 

Source 
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their effect on our mirror reflectivity will be described later). The substrate material that 

can be grounded and polished to a high degree of accuracy is a perfect single crystal of Si. 

Further, as mentioned before, the availability of perfect crystals of Si in sizes of ~ 1 m in 

length supports its choice as the mirror substrate material, whose lengths are also of the 

order of 1 m. We have therefore chosen Si as our mirror substrate. 

 

The mirror in our BL must be designed to focus photons preferably in the lower energy 

range 0.8 – 2.0 keV because of the inability to bend beryl crystals for focusing. However, 

we have chosen to design our mirror so that it can be used to deliver a focused beam of 

photons in a wider energy range 0.8 – 8.0 keV. Using Eqn. 27 for the case of Au (Z = 79) 

and Pt (Z = 78) as the coating materials, we have found that a grazing angle of ~ 9.0 mrad 

may be needed to reflect photons with energies up to 9.5 keV. Using XOP, we have 

evaluated the reflectivities of Au, Pt and Rh at θg = 9.0 mrad in the energy range 0.8 – 

10.0 keV. The results are shown in Fig.30 below. 
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Fig.30: Reflectivities of X-ray mirrors coated with Pt, Au and Rh, and held at a grazing 
angle of 9.0 mrad. 
 

 

From Fig.30, we see that all the 3 materials do not exhibit any absorption lines in the 

preferred energy range 0.8 – 2.0 keV. However, Au and Pt show absorption edges 

between 2.0 and 3.0 keV while Rh shows absorption lines between 3.0 and 4.0 keV. 

Although Rh offers better reflectivity in the lower energy range between 0.8 and 3.0 keV, 
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its reflectivity decreases for higher energies, and shows a drastic fall above 7.0 keV. On 

the other hand, both Au and Pt show similar values of reflectivity in the 0.8 – 2.0 keV 

range. However, for energies above 3.0 keV, Pt shows far better reflectivity than both Au 

and Rh. Moreover, with Pt coating photons with energies up to a maximum of ~ 8.5 keV 

can be reflected with appreciable intensity (~ 65 %). Due to these reasons we have chosen 

Pt as the coating material for our X-ray mirror. 

 

To impart focusing property to a mirror, its optical surface must have a suitable curvature. 

The geometries of curvature that have been widely used are the spherical, the ellipsoidal 

and the toroid. Although spherical geometries are easier to produce to high figure 

accuracies and hence, cost-effective, they inherently suffer from spherical aberrations, as 

well as astigmatism, line curvature, distortion and coma that degrade (limit) their imaging 

capabilities. Moreover, they focus very weakly in the horizontal direction [27]. An 

ellipsoid, on the other hand, is free from spherical aberrations. However, it still has other 

aberrations common to a sphere. Moreover, ellipsoidal geometries are inherently difficult 

to manufacture, making them less than perfect and more than expensive. Being an 

aspheric, the toroidal geometry is also free from spherical aberrations. However, it also 

has other aberrations such as astigmatism and coma. On the positive side, the image 

generated by a toroidal mirror can be made identically free of coma if the source-mirror 

(u) to mirror-sample (v) distance ratio is chosen equal to 1:1 [27]. This results in a 

magnification of 1, thus mapping the photon source onto the sample position. We have 

therefore chosen the toroidal geometry for our mirror. We have positioned our mirror at 

20.0 m from the INDUS-2 BM source so that it is allowed to focus 20.0 m downstream at 

the sample position so as to satisfy its condition for a coma-free image. Fig.31 shows ray-

diagrams of the INDUS-2 BM source and its image (at 40.0 m from the source) formed 

by the toroidal mirror placed at 20.0 m from the source. 
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(a) 

 
(b) 

Fig. 31: Ray-diagrams of (a) INDUS-2 BM source and (b) its image formed by the 
toroidal mirror placed at 20.0 m from the source. 
 

Fig.31 shows excellent mapping of the source onto the sample position as evident by their 

respective spot sizes. The corresponding radii of curvatures of the toroid in the sagittal 

(rSAG) and meridional (rMER) planes are computed by SHADOW, and given to be 18.0 cm 
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and 2.22 km respectively. These values can also be estimated using Eqns. 29 given below 

[50]. 

 

rSAG = (2 u v sin θg). (u + v)-1                                             (29a) 

 

rMER = [(u + v)2  - 4 u v sin2 θg]0.5. (sin 2θg)-1                                             (29b) 

 

We now estimate the optimum length of the mirror required to collect useful photons of 

the lowest energy preferred (corresponding to highest ΦV), i.e. 0.8 keV. Using Eqn. 28, 

and substituting u = 20.0 m, ΦV = 1.5 mrad and θg   = 9.0 mrad, we find that the mirror 

needs to be ~ 3.3 m long! However, it is extremely difficult (almost impractical) to 

fabricate a 3 m long X-ray mirror while maintaining the quality of its optical surface over 

this length. Moreover, the magnitude of optical aberrations increase with increasing 

mirror lengths as it tries to focus highly divergent rays far away from its optical axis [27]. 

On the other hand, mirrors with good quality optical surfaces with lengths up to 1.2 m 

have been fabricated, and found to work well at SR beamlines around the world [55-57]. 

Using XOP-SHADOW, we have estimated the reflectivity of our Pt-coated mirror in 

the energy range 0.8 – 10.0 keV by taking its length to be 1.1 m (see Fig.32). For 

comparison, we have also shown the corresponding reflectivity for an infinitely long Pt-

coated mirror. 
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Fig.32: Reflectivity of the Pt-coated mirror of an (a) infinite and (b) finite length of 1.1 
m. 
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It is seen that the finite mirror length of 1.1 m has resulted in a loss of reflected photons 

over the entire energy range. This loss is more for low energy photons than high energy 

ones; and is primarily due to the inability of the mirror (1.1 m long) to intercept highly 

divergent beams of lower energy photons compared to higher energy ones that are 

relatively less divergent. 
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Fig.33: Comparison between the incoming BM flux and the flux reflected by the Pt-
coated toroidal mirror held at grazing angle of 9.0 mrad. 
 

In Fig.33 we give a comparison between the amount of photon flux reflected by our 1.1 m 

long Pt-coated mirror and the incoming flux of BM photons. It is seen that the reflected 

flux still retains its order (~ 1013 photons / s/ 0.1%BW) in the range of our interest (0.8 – 

8.0 keV). 

 

We have therefore decided to choose the useful length of our Pt-coated toroidal mirror to 

be 1.1 m; however, the entire mirror length will be 1.2 m for leaving some space at the 

ends for “roll off” in the manufacturing process. Further, with ӨH = 3.0 mrad the SR 

beam will diverge up to 60.0 mm in the horizontal direction at the mirror location (20.0 

m). This indicates that the mirror will have to be minimum 60 mm wide to intercept the 

horizontal beam divergence. We have decided to keep its width as 75.0 mm. The 

thickness of this mirror block will be 50.0 mm. Fig.34 shows the schematic of our 

toroidal mirror. 
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Fig.34: Schematic diagram of the toroidal mirror for the XPS BL of INDUS-2 BM. 
 

 

[B.1] Tolerable radii of curvatures (sagittal and meridional) 

 

As estimated above, the ideal values of sagittal (rSAG) and meridional (rMER) radii of 

curvatures for our toroidal mirror are 18.0 cm and 2.22 km respectively. However, a small 

change in their values during fabrication processes may lead to degradation of spot size at 

the focus of the mirror. We have evaluated the deviation of spot sizes from their ideal 

values by changing the rSAG and rMER values in given range, and designated that range as 

tolerable (allowable) for which the spot sizes are found to be within 10 % of their ideal 

values. This study was done for 2 different energies, 0.8 and 8.0 keV; the two extreme 

energies that will be covered by our mirror. These results are listed in Table-13 below. 

Here, H and V stand for horizontal and vertical dimensions of the spot sizes. For 

comparison, we have also shown the ideal values of spot sizes (corresponding to ΔrMER = 

ΔrSAG = 0) for 0.8 and 8.0 keV photons. 

 

 
 
 
 



 64

Table-13: Effect of variation in radii of curvatures of our toroidal mirror on the spot sizes 
at the focal position. 
 

Ideal radii Change in radii 
Average spot size, H × V 

(mm2) 

rMER (m) rSAG (mm) ΔrMER (m) ΔrSAG (mm) 0.8 keV 8.0 keV 

0 0 0.55 × 0.55 0.54 × 0.54 

± 15 ± 1.5 1.00 × 0.57 0.97 × 0.56 

± 10 ± 1.0 0.75 × 0.56 0.73 × 0.56 
2220 180 

± 10 ± 0.5 0.59 × 0.56 0.59 × 0.55 

 

From Table-13, we find that the spot sizes are independent of the photon beam energies. 

Further, it is found that a seemingly small variation in the sagittal radius (± 1.5 mm) from 

its ideal value results in an 81 % increase in the horizontal spot size. However, the 

corresponding variation in the vertical spot size remains negligible even for ΔrMER = ± 15 

m. As the variations in spot sizes for ΔrMER = ± 10 m and ΔrSAG = ± 0.5 mm remain within 

10 % of their ideal values, we can considered this deviation in rMER and rSAG values as 

tolerable for our toroidal mirror. 

 

[B.2] Surface Imperfections 

 

X-ray mirrors, in reality, cannot be fabricated with ideally smooth surfaces and perfect 

optical figures. Instead, they exhibit less than ideal behaviour due to substrate and/ or 

coating imperfections. These surface imperfections can be divided into two kinds: surface 

roughness and figure errors. In the following, we give a brief description of these 

imperfections. We will also study their role in influencing our mirror reflectivity as well 

as their effect on the image formed by our mirror. 

 

Surface roughness: 

 

For an ideally smooth surface, specular reflection occurs at an angle θg from a mirror 

designed to focus to a point. However, the roughness (or micro- roughness) remaining 

after fabrication acts to scatter some of the beam away from the specular beam by an 

amount θS (see Fig.35). This gives rise to a halo of scattered beams about the specularly 
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reflected image, and results in a reduction in the specular reflectivity (R0) of a mirror at a 

given λ and θg that is given by [27], 

 

R = R0 exp [ - (4 π σ sin θg λ-1)2 ]                                          (30) 

 

Where, σ is the rms value of surface roughness, and R is the attenuated reflectivity. It is 

apparent from Eqn. 30 that the mirror reflectivity will be highly attenuated for higher 

values of σ at a given λ and θg. Further, Eqn. 30 also indicates that a significant loss in 

reflectivity can occur when λ becomes comparable (or less than) to the value (dimension) 

of surface roughness σ. 

 

 

 

 

 

 

 

 

 
Fig.35: Schematic diagram showing mirror giving rise to a scattered beam deviating 
away from its specular reflection due to its surface roughness.  
 

Our mirror has been designed to cover the energy range 0.8 – 8.0 keV (15.5 – 1.5 Å). 

Using XOP, we have evaluated the reflectivity of our mirror for different values of micro-

roughness in the range 0 – 10 Å rms. The results are shown in Fig.36 

 

As expected, we find that the overall attenuation in the reflectivity of our mirror increases 

as its surface micro-roughness is increased from 0 to 10 Å rms. For a given value of 

micro-roughness, the attenuation is more for higher energy photons than the ones with 

lower energy. For σ = 1.5 Å rms, which is comparable (equal to) to the value of 

wavelength of the highest energy (8.0 keV) reflected by our mirror, attenuation begins to 

set in. 

θg 
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Fig.36: Variation in reflectivity of a Pt-coated toroidal mirror (θg = 9.0 mrad) with 
surface roughness. 
 

However, the amount of attenuation is only about 1.3 %. For σ = 3.0 Å rms, the 

attenuation increases to ~ 4.7 % for 8.0 keV photons. However, beyond σ = 5.0 Å rms, 

the attenuation exceeds 10 %, and reaches an unacceptable 42 % at 10.0 Å rms for 8.0 

keV photons, as their wavelength (1.5 Å) becomes too low in comparison to the 

roughness (see Eqn. 30). Therefore, it is important for us to produce our mirror surface 

that has the value of surface roughness preferably better (smaller) than 3.0 Å rms so as to 

ensure that the higher energy 8.0 keV photons are reflected without considerable 

attenuation. 

 

Using SHADOW, we have studied the effect of surface roughness on the image formed 

by our mirror at its focal position for 2 different photon energies; 0.8 and 8.0 keV. The 

results are shown in Fig.37. 

 

From Fig.37, we find that there is no appreciable degradation in the focal spot for 0.8 keV 

photons even for a surface roughness of ~ 10.0 Å rms. However, the image in the case of 

8.0 keV photons is found to be diffused when a surface roughness of ~ 10.0 Å rms is 

considered. 
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Fig.37: Ray-diagrams depicting the effect of mirror roughness on the image at its focus 
for 0.8 and 8.0 keV photons. 
 

0.8 keV, σ = 0 Å rms 0.8 keV, σ = 10.0 Å rms 

  8.0 keV, σ = 0 Å rms 

  8.0 keV, σ = 3.0 Å rms   8.0 keV, σ = 10.0 Å rms 
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This is expected, as their wavelength (1.5 Å) is too low in comparison to the roughness 

(see Eqn. 30). On the other hand, the diffusion in the image is found to be negligible for a 

roughness value of ~ 3.0 Å rms. This again leads us to conclude that a surface roughness 

of better than 3.0 Å rms should be desired if our mirror is to efficiently reflect 8.0 keV 

photons without considerable attenuation. 

 

Figure Error: 

 

A perfect surface figure (toroid, sphere, ellipsoid, etc) produces an image that is limited 

by the inherent aberrations stemming from the respective figure geometry. However, in 

reality it is not possible to manufacture an ideal surface figure; and as a result one has to 

take into account additional sources of aberrations. It therefore becomes important for the 

designer to evaluate and study the effect of deviations from a perfect geometry on the 

performance of an OE. These deviations are termed as figure errors, and are defined in 

both the meridional as well as sagittal directions; they are measured in radians. 

 

There is a significant difference in the effectiveness of meridional (ΔMER) and sagittal 

(ΔSAG) errors in disturbing the image of an OE. In fact, the relative magnitudes of ΔMER 

and ΔSAG which produce the same deviation (disturbance) in the image is given as [27], 

 

θg = ΔMER / ΔSAG                                                          (31) 

 

For our case (θg = 9.0 mrad), ΔSAG = 111 ΔMER.  

 

The tighter limit on ΔMER indicates that the surface finish has to be more accurate in 

meridional than in the sagittal direction. Using the following equations [27], we have 

evaluated the amount of degradation in the image formed by our mirror for different 

values of ΔMER and ΔSAG. These results are summarized in Table-14. 

 

ΔSMER = 2 v ΔMER                                                      (32a) 

ΔSSAG = 2 v θg ΔSAG                                                   (32b) 
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where, ΔSMER and ΔSSAG are the spatial increments in the image size along the meridional 

(vertical) and sagittal (horizontal) directions occurring due to figure errors ΔMER and ΔSAG 

in the respective directions. 

 

Table-14: Increment in the spot size at the sample position for different values of figure 
error of the mirror surface. 
 

Figure error (μrad) Increment in spot size (mm) Ideal spot size, 

H × V (mm2) ΔMER ΔSAG ΔSMER ΔSSAG 

250 250 10.00 0.0900 

100 100 4.00 0.0360 

50 50 2.00 0.0180 

30 30 1.20 0.0108 

20 20 0.80 0.0072 

10 – 0.40 – 
5 – 0.20 – 
3 – 0.12 – 
2 – 0.08 – 

0.53 × 0.55 

1 – 0.04 – 
 

From Table-14, we find that the sagittal figure error does not significantly alter the image 

size as compared to its meridional counterpart. In fact, ΔSSAG deviation is just about 16 % 

of the ideal size for ΔSAG as high as 250 μrad. As ΔSAG is decreased further, ΔSSAG 

decreases to ~ 2 and 1.3 % for the corresponding figure errors of 30 and 20 μrad. On the 

other hand, ΔSMER is as high as 72 % of the ideal spot size for a figure error of just 10 

μrad. It, however, decreases to ~ 22 and 14 % for corresponding figure errors of 3 and 2 

μrad. Although the increment in spot size for a figure error of 1 μrad is only ~ 7 % in the 

meridional direction, it is extremely difficult to fabricate an OE that produces such 

excellent figures. Therefore, it is important for us to produce surface figures for our 

mirror that have values better than 2 and 20 μrad along its meridional and sagittal 

directions so as to ensure a nearly well-focussed image at the sample position. 
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[B.3] Mirror Testing Results 

 

Here, we summarize the specifications of our mirror and provide the results of 

measurements carried out to ensure that it meets our desired specifications. Fabrication of 

the mirror and its measurements were carried out at the Societe Europeenne de Systemes 

Optiques (SESO) in France [58]. 

 

The roughness measurements were carried out at 15 equally spaced points in the useful 

area of the mirror surface. These measurements were performed using a Micromap 512 

rugosimeter and an 10× Mirau Microscope lens. The measurements of sagittal as well as 

the meridional radii of curvatures and figure errors were carried out along 3 equally 

spaced lines on the mirror surface, each running parallel to the useful length (1.1 m) and 

width (60.0 mm) of the mirror respectively (including the central lines). These 

measurements were performed using a ZYGO interferometer. Each of these 

measurements was performed both after polishing (the Si substrate) and after Pt-coating. 

The Pt-coating is about 50 nm thick. A binder layer of chromium has been used for better 

adherence of Pt to the substrate. In Table-15 below, we present the results of these 

measurements. 

 

Table-15: Mirror specifications and some measured values of its parameters after suitable 
polishing and subsequent Pt-coating. 
 

Measurement 

Parameters Specification 
After polishing 

After Pt-

coating 

Meridional figure error < 2 μrad rms 1.88 μrad rms 1.82 μrad rms

Meridional radius 2220 m ± 10 m 2213 m ± 3 m 2210.2 m 

Sagittal figure error < 20 μrad rms 9.3 μrad rms – 

Sagittal radius 180 mm ± 0.5 mm 179.7 mm ± 0.1 mm – 

Roughness < 3 Å rms 1.8 Å rms 2.31 Å rms 

 

It is seen from Table-15 that the measured values of radii, figure errors and roughness of 

the mirror lie well within our desired specifications. However, it must be remembered 
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that the thermal deformation of the mirror surface, when exposed to INDUS-2 heat load, 

may lead to some deviation of its figure (over and above those measured). To account for 

such deviations, we have raised the acceptable values of figure errors to ~ 3 and 30 μrad 

in the meridional and sagittal directions respectively.  

 

[C] Slits 

 

Slits form an important optical component of a BL. They are widely used to improve the 

overall resolution of a BL as well as to define the beam footprint on other OEs such as 

mirrors and monochromators. They also help to protect mechanical parts of OEs from 

radiation exposure. 

 

Slits are used in pairs, one in each of the horizontal and vertical planes to define the beam 

opening (slit width) in these directions. As the slits usually face high power SR beams 

directly at normal incidence, they are most likely to undergo severe stresses and 

deformations (expansion) that may result in their near or complete closure giving rise to a 

total loss of photon flux in the extreme case. Although providing a suitable cooling 

mechanism is essential (like for any other BL OEs) to minimize the resulting 

deformations, the performance of a slit is also influenced by the choice (type) of the 

suitable material for the purpose. 

 

At SR sources around the world, copper (Cu) [59] and tungsten (W) (or its alloy) [60,61] 

are the most widely used slit materials. For a slit material, it is preferable to have a low 

expansion coefficient and high melting point to ensure its steady performance. W metal 

has the lowest thermal expansion coefficient among metals. It exhibits high modulus of 

elasticity, is extremely hard, and shows a high melting temperature of over 3000 ˚C. 

 

On the other hand tungsten carbide (WC), a chemical compound of W, offers much better 

properties than W for a slit material [62]. It shows extreme hardness, has higher modulus 

of elasticity than W, exhibits high resistance to deformation and deflection, is highly 

wear-resistant, retains its dimensional stability and shows no phase changes during 

heating and cooling. WC also shows a high melting temperature of ~ 2870 ˚C, and a 

similar expansion coefficient as that of W. Moreover, WC is very cost-effective when 
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compared to tungsten. Due to its positive attributes, we have chosen WC as our slit 

material. 

 

Our BL will have 3 pairs of horizontal and vertical slits each. The first pair will be placed 

before the mirror, and will be used to define the beam footprint on the useful surface of 

the mirror. For the rest of this report this pair will be called as VERT 1 and HORIZ 1 

denoting the first vertical and horizontal slit pair. The second pair will be placed before 

the DCM, forming a pair of entrance slits for the monochromator. Likewise, this pair will 

be called VERT 2 and HORIZ 2. The third pair will be placed after the DCM, and will be 

used to define the spot size at the sample position. We will call this pair as VERT 3 and 

HORIZ 3. The first, second and the third slit pairs will be placed at distances of 17.0, 26.6 

and 32.7 m respectively from the BM source along the BL. 

 

As the distance changes, the divergence of the beam also changes as it traces its path 

along the BL. It is therefore important to choose a slit pair of the appropriate dimensions 

so as to intercept beam divergences in the horizontal and vertical planes. Particularly, the 

horizontal slit pair should be able to cut-off the beam power distribution in the vertical 

direction, while the vertical slit pair should intercept the entire horizontal beam 

divergence. 

 

To determine the horizontal slit dimensions, we calculate the maximum (vertical) 

projection of the beam in the unfocussed condition when it reaches the position of the 

third slit pair at a distance of 32.7 m. For our calculation, we have considered 2 times the 

vertical beam divergence of INDUS-2 BM, i.e., 0.8 mrad. At 32.7 m from the source, the 

beam spans a spatial distance of ~ 26.8 mm in the vertical plane. This suggests that our 

horizontal slit pair should have a minimum extent (height) of ~ 26.8 mm to cut-off the 

vertical beam divergence. We have chosen to keep its height as 30.0 mm. Fig.38 shows a 

schematic of the horizontal slit blade. 
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Fig.38: Schematic diagram of a horizontal slit blade. 
 

The vertical slit pair will intercept maximum horizontal beam divergence (ӨH) at a 

distance of 26.6 m in the absence of a mirror. Considering ӨH = 3.0 mrad, the minimum 

width of the vertical slit pair that may required at 26.6 m is ~ 80.0 mm. We have chosen 

to keep its width as 90.0 mm. Fig.39 shows a schematic of the vertical slit blade.  

 
 

Fig.39: Schematic diagram of a vertical slit blade. 
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Knife-edges, with degradation angle from the edge to the back side of ~ 4˚, have been 

provided to both the slits (also shown in Figs.38 and 39). The presence of such knife-

edges minimizes the downstream scattering of X-rays if the normal-incident surface of 

the slit blade faces the beam. The thickness of these slits will be optimized in Sect. 5 

where the effect of SR heat load on their deformation will be studied. 

 

3. The Experimental Station 

The sample (target) position of our beamline will be housed inside an experimental 

station that will be located at a distance of 40.0 m from the BM source. The experimental 

station comprises an UHV compatible stainless steel chamber with a suitable port to let 

the synchrotron radiation in, and designed to reach a base pressure less than 5 × 10-10 

mbar to provide clean conditions for sample analysis. A 20/25 cm mean diameter 

hemispherical electrostatic analyzer, to measure the kinetic energy distribution of 

photoelectrons for XPS studies, will form the main attachment to the chamber. The 

energy-scanned photoelectrons will be detected using a multi-channel plate. A suitable 

provision will be made to insert the samples and adjust their position in the chamber with 

the help of a manipulator, which will also carry the facility for sample cooling and 

heating. In addition, the chamber will also house a suitable etching gun and a cleaving 

apparatus that could be employed to create virgin (freshly cleaved) surfaces of samples 

for XPS analysis useful for certain applications. Other accessories such as the beam 

monitoring device and pressure measuring gauges would also be incorporated. Moreover, 

the experimental chamber would be suitably designed so that an Auger apparatus could 

also be incorporated at a later stage. 

 

4.3 Estimation of energy resolution/ BL throughput – a ray-trace study 
 
It is important to ensure that, besides others, two of the design criteria, of achieving the 

desired energy resolution of ~ 10-4 and a flux of ~ 1010 – 1011 photons per second at the 

sample position in our XPS BL, are also satisfied at all energies in the working range 0.8 

– 15.0 keV for its successful operation. In order to estimate as well as to optimize these 

parameters so that they meet the design criteria, we have performed ray-tracing 

calculations using a ray-trace program SHADOW. These calculations have been 
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performed neglecting any deformations in the optical elements. The effect of 

deformations (due to SR heat load and other imperfections) on these parameters will be 

taken into account in Sect. 6 where a coupled ray-trace-finite element study will be 

undertaken. 

In SHADOW, we have considered a total of 25000 (= I0) source rays for each of 

the energies studied in our working range. We have then evaluated the source energy 

bandwidth (ΔE0) that is required to give an optimum energy resolution for the DCM. The 

resulting intensity (number of source rays) and the energy bandwidth obtained at the 

sample position are denoted by I and ΔE respectively. The total number of photons, N 

(integrated over all the energy bandwidth), at the sample position is then calculated using 

Eqn. 1. 

It is our goal to optimize the value of N so that it preferably lies above 1011 

thereby satisfying our design criteria. The values of NS (number of photons at the source 

in 1 eV bandwidth (BW)) were evaluated using XOP for different energies in our working 

range, and are presented in Table-16 below. For comparison, the corresponding values of 

photon flux in 0.1 % source BW (N0) is also given. These values are also plotted in 

Fig.40. 

Table-16: Values of photon flux contained in the INDUS-2 BM beam in different 
bandwidths as a function of energy. 
 

Photon flux (ph/s) 
Photon energy, E (keV) 

N0 (in 0.1 % source BW) NS (in 1 eV source BW) 

0.8 4.73 × 1013 5.91 × 1013 
1.0 4.88 × 1013 4.88 × 1013 
1.4 5.04 × 1013 3.60 × 1013 
2.0 5.07 × 1013 2.53 × 1013 
2.1 5.00 × 1013 2.38 × 1013 
4.0 4.50 × 1013 1.12 × 1013 
6.0 3.70 × 1013 6.16 × 1012 
8.0 2.94 × 1013 3.68 × 1012 
10.0 2.30 × 1013 2.30 × 1012 
12.0 1.78 × 1013 1.48 × 1012 
15.0 1.20 × 1013 8.00 × 1011 
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Fig.40: Photon flux contained in the INDUS-2 BM beam in different bandwidths as a 
function of energy. 
 

From Table-16 and Fig.40, we see that for energies beyond 4.0 keV, NS begins to 

decrease drastically by over an order of magnitude of its corresponding value in 0.1 % 

BW. This is because at higher energies the photon flux is distributed in a wider BW. For 

example, at 15.0 keV, 1.20 × 1013 photons are contained in a 15.0 eV BW, whereas at 2.1 

keV, ~ 5.00 × 1013 photons occupy a BW of only 2.1 eV. This results in a higher number 

of photons occupying the 1.0 eV BW at lower energies than those at higher energies. 

 

[A] Si (111) DCM (sagittally bent 2nd crystal) 

 

To begin with, we have evaluated the resolution (ΔE/E) and the flux (N) transmitted at the 

sample position by the Si (111) DCM (sagittally bent 2nd crystal) held at 30.0 m from the 

INDUS-2 BM source. These calculations have been done without considering any slits 

along the BL. The results of this study are summarized in Table-17. 

From Table-17, we find that the horizontal spot size (H) obtained at the sample position is 

nearly independent of the beam energy. Further, due to sagittal focusing, H is about two 

orders of magnitude smaller (~ 0.22 mm) than its vertical counterpart (V). However, the 

vertical spot size is found to decrease for higher scan energies, and is due to a decrease in 

the vertical beam divergence at high energies. Moreover, a larger energy BW (ΔE0 and 



 77

ΔE) has resulted in degradation in the resolution of the DCM by about an order of 

magnitude while diffracting higher energy photons.  

 
Table-17: Energy resolution and the flux transmitted at the sample position by the Si 
(111) DCM at different energies. 
 

Photon flux (ph/s) 

E (keV) 
ΔE0 

(eV) 
I 

ΔE 

(eV) NS N 

FWHM spot 

size, H × V 

(mm2) 

ΔE/E 

(10-4) 

2.1 4 247.4 0.42 2.38 × 1013 9.40 × 1011 0.19 × 22.4 2.00 

4.0 10 646.3 2.63 1.12 × 1013 2.90 × 1012 0.24 × 17.0 6.56 

6.0 20 729.0 5.48 6.16 × 1012 3.60 × 1012 0.22 × 13.7 9.13 

8.0 30 748.2 8.28 3.68 × 1012 3.30 × 1012 0.21 × 11.7 10.35 

10.0 40 749.0 11.94 2.30 × 1012 2.75 × 1012 0.22 × 10.3 11.94 

12.0 50 732.0 15.32 1.48 × 1012 2.16 × 1012 0.22 × 9.3 12.76 

15.0 60 785.6 19.65 8.00 × 1011 1.50 × 1012 0.24 × 8.2 13.10 

 

However, a larger BW has meant that more number of photons is able to reach the sample 

position at higher photon energies (see Fig.41). Typically, the resolution is found to vary 

from 2.0 × 10-4 to 13.1 × 10-4 (~ an order of magnitude higher) as the energy is scanned 

from 2.1 to 15.0 keV. Further, the photon flux (N) is found to be ~ 1012 in the entire range 

of diffracted energies at the sample position. 
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Fig.41: (a) The flux throughput and (b) the resolution obtained at the sample position 
(absence of slits) when Si (111) DCM (sagittally bent 2nd crystal) is used. 
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The energy resolution of the DCM, and therefore that of the BL, can be improved further 

by using an entrance slit for the 1st crystal monochromator; though at the cost of useful 

photons. In our case, the pair of horizontal and vertical slits placed at 26.6 m from the BM 

source, and labeled HORIZ 2 and VERT 2 respectively, form the pair of entrance slits to 

the DCM. As the size of the vertical slit defines the angular spread of the incident beam, 

it directly influences the resolution of the monochromator that follows it (see Eqn. 21).  

 

Initially, we have considered the angular opening of our vertical slit as that corresponding 

to FWHM of the source intensity in the range of energies to be diffracted. The results of 

this exercise are given in Table-18. Here, VS2 denotes the vertical entrance slit width. The 

horizontal slit width has been fixed to 80.0 mm that corresponds to the beam size in that 

direction.  

 

Table-18: Energy resolution and the flux transmitted at the sample position by the Si 
(111) DCM when the entrance vertical slit width is adjusted corresponding to FWHM of 
the source intensity at different energies. 
 

Photon flux (ph/s) 

E (keV) I 
ΔE 

(eV) 

VS2 

(mm) NS N 

FWHM spot 

size, H × V 

(mm2) 

ΔE/E 

(10-4) 

2.1 220.7 0.37 15.25 2.38 × 1013 8.40 × 1011 0.19 × 22.0 1.76 

4.0 568.6 2.48 11.13 1.12 × 1013 2.56 × 1012 0.24 × 16.2 6.20 

6.0 629.9 5.31 9.31 6.16 × 1012 3.10 × 1012 0.20 × 13.3 8.85 

8.0 623.7 8.00 7.94 3.68 × 1012 2.75 × 1012 0.21 × 11.1 10.00 

10.0 628.0 11.26 7.25 2.30 × 1012 2.30 × 1012 0.22 × 9.9 11.26 

12.0 594.8 15.02 6.56 1.48 × 1012 1.76 × 1012 0.21 × 8.7 12.50 

15.0 653.0 19.4 5.88 8.00 × 1011 1.25 × 1012 0.23 × 7.9 12.93 

 

A maximum improvement in resolution of only about 12 % is observed for 2.1 keV, that 

decreases further to 1.3 % for 15.0 keV photons when the angular opening of the vertical 

slit is adjusted to that corresponding to FWHM of the source intensity. As a result, hardly 

any change (decrease) is observed in the photon flux; in fact it is still found to be ~ 1012 in 

the entire range of diffracted energies at the sample position. However, the observed 

decrease in the vertical spot size for a given energy is due to the use of the vertical 
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entrance slit. As our design criteria permits photon flux and resolution ~ 1010 – 1011 and 

10-4 respectively, we still have scope to improve the resolution by further decreasing the 

entrance vertical slit width (VS2). 

 

Accordingly, we have estimated the values of VS2 and the corresponding resolution by 

limiting the transmitted photon flux to ~ 5 × 1011 at all the energies. For this purpose, we 

have considered a pair of horizontal and vertical slits placed at 32.7 m from the BM 

source, which are labeled HORIZ 3 and VERT 3 respectively. These will form the pair of 

exit slits of the DCM. These can be used to control the spot size thereby limiting the 

number of photons reaching the sample position. However, the horizontal slit width has 

been fixed to 80.0 mm corresponding to the horizontal beam size at this slit location. 

Further, for a given energy, the vertical slit width (VS3) has also been fixed to a value that 

corresponds to the vertical beam size at the slit location. 

 

The values of entrance vertical slit widths giving rise to a transmitted flux of ~ 5 × 1011 

and the corresponding resolution (ΔE/E) achieved at the sample position by the Si (111) 

DCM (sagittally bent 2nd crystal) are presented in Table-19. Here, VS3 denotes the exit 

vertical slit width.  

 

Table-19: Values of entrance vertical slit width and the corresponding resolution that 
allows a fixed throughput of ~ 5 × 1011 photons at the sample position at different 
energies. 

E (keV) I 
ΔE 

(eV) 

VS2 

(mm)

VS3 

(mm)

Photon flux at 

sample position, N 

(ph/s) 

 

FWHM spot 

size, H × V 

(mm2) 

ΔE/E 

(10-4) 

2.1 134.7 0.24 8.0 10.0 5.12 × 1011 0.19 × 12.0 1.18 

4.0 123.6 0.56 2.0 3.0 5.56 × 1011 0.23 × 3.0 1.41 

6.0 102.3 1.06 1.3 2.0 5.04 × 1011 0.20 × 1.9 1.76 

8.0 116.8 1.74 1.2 2.0 5.15 × 1011 0.20 × 1.7 2.18 

10.0 129.5 2.45 1.2 2.0 4.76 × 1011 0.21 × 1.8 2.45 

12.0 155.5 3.65 1.4 2.0 4.60 × 1011 0.19 × 2.0 3.03 

15.0 257.9 8.07 1.8 3.0 4.95 × 1011 0.23 × 2.6 5.38 
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From Table-19, we find a significant improvement in the resolution at all energies when 

the entrance vertical slit width (VS2) is adjusted to allow ~ 5 × 1011 photons at the sample 

position. Particularly, the resolution obtained at 2.1 and 4.0 keV are found to approach 

their respective values of Si (111) intrinsic crystal resolution of ~ 1.1 × 10-4 and 1.4 × 10-

4. Typically, the resolution is now found to vary from ~ 1.2 × 10-4 to 5.4 × 10-4 as the 

energy is scanned from 2.1 to 15.0 keV. Since the resolution as well as the photon flux 

lies within our design criteria, their values thus obtained can be acceptable. 

 

In Fig.42, the BL optical layouts for the case of Si (111) DCM (sagittally bent 2nd crystal) 

are shown. 

 

 
 
Fig.42: Diagram showing the schematic optical layout of the XPS BL comprising the 
DCM (sagittally bent 2nd crystal). 
 

[B] Mirror + Si (111) DCM (both crystals flat) 

 

Here, we have evaluated the resolution, spot size as well as photon flux at the sample 

position when our Pt-coated toroidal mirror is used as the 1st optical element in 

combination with the Si (111) DCM (both crystals flat). The results obtained from this 
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study are given in Table-20. Here, we have not considered any slits along the BL except 

the slit pair HORIZ 1 and VERT 1 that is located at 17.0 m from the BM source. The 

horizontal slit width is fixed at 51.0 mm that corresponds to the beam width in that 

direction, while the vertical slit width (VS1) is adjusted at ~ 8.4 mm so as to define the 

beam along the useful mirror length of ~ 1.1 m. The reflection characteristics of the 

mirror have been taken into account. 

 

Table-20: Energy resolution and the flux transmitted at the sample position by the 
toroidal mirror-Si (111) DCM combination at different energies. 
 

Photon flux (ph/s) 

E (keV) I 
ΔE 

(eV) NS N 

FWHM spot 

size, H × V 

(mm2) 

ΔE/E 

(10-4) 

2.1 142.5 0.33 2.38 × 1013 5.42 × 1011 0.57 × 0.54 1.57 

4.0 457.0 2.68 1.12 × 1013 2.00 × 1012 0.57 × 0.54 6.70 

6.0 524.8 5.67 6.16 × 1012 2.58 × 1012 0.57 × 0.54 9.45 

8.0 506.3 10.53 3.68 × 1012 2.23 × 1012 0.57 × 0.55 13.16 

10.0 112.9 12.98 2.30 × 1012 4.15 × 1011 0.58 × 0.55 12.98 

12.0 26.4 17.23 1.48 × 1012 7.81 × 1010 0.58 × 0.55 14.35 

15.0 10.0 28.30 8.00 × 1011 1.93 × 1010 0.58 × 0.55 18.86 

 

From Table-20, we observe that the photon flux (N) at the sample position has decreased 

by ~ 30 % while its resolution has underwent a small degradation in its value with respect 

to those obtained in the absence of mirror (see Table-17). The observed decrease in 

photon flux could be due to their absorption by the mirror, and also due to their loss 

taking place on account of finite mirror dimensions. However, due to its focusing 

properties, a small spot size of ~ 0.57 × 0.54 mm2 is obtained at its focal position. For 

comparison, the values of NS and N are plotted in Fig.43. The figure also shows the 

values of resolution obtained at the sample position as a function of photon energy. 

 

From Fig.43, we find that the flux reaching the sample position degrades by at least an 

order of magnitude for photons with energies above 8.0 keV. This is expected as our Pt-

coated toroidal mirror is designed to cover the energy range between 0.8 and 8.0 keV. 
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Fig.43: (a) The flux throughput and (b) the resolution obtained at the sample position 
(absence of slits) for the toroidal mirror-Si (111) DCM combination. 
 

Further, the presence of absorption edges of Pt in the energy region between 2.0 and 3.0 

keV (see Fig.30) has resulted in the calculated decrease in the photon flux at 2.1 keV. 

Therefore, for further calculations comprising the mirror, we have considered only the 

energies in the range 4.0 – 8.0 keV. 

In order to optimize the resolution and the photon flux obtained at the sample position 

in this case, we will follow a similar procedure employed above in the absence of mirror. 

That is, we will estimate the values of VS2 and the corresponding resolution by limiting 

the transmitted photon flux to ~ 5 × 1011 at all the energies. For this purpose, the entrance 

and the exit horizontal slit widths have been fixed to 40.0 and 20.0 mm respectively, 

corresponding to beam widths in that direction. Further, for a given energy, the exit 

vertical slit width (VS3) has also been fixed to a value that corresponds to the vertical 

beam size at the slit location. The results obtained from these analyses are summarized in 

Table-21. 

From Table-21, we observe a significant improvement (~ 60 %) in the resolution when 

the entrance vertical slit width is adjusted to transmit photon flux of ~ 5 × 1011 over the 

energy range 4.0 – 8.0 keV. 

Typically, the resolution is now found to vary from ~ 2.3 × 10-4 to 4.0 × 10-4 as the energy 

is scanned from 4.0 to 8.0 keV. However, these values are still not as better as the 

corresponding values of ~ 1.4 × 10-4 and 2.2 × 10-4 obtained at 4.0 and 8.0 keV in the 

absence of mirror. Nevertheless, the values thus obtained can still be acceptable as they 

lie well within our design criteria. 
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Table-21: Values of entrance vertical slit width and the corresponding resolution that 
allows a fixed throughput of ~ 5 × 1011 photons at the sample position at different 
energies. 
 

E (keV) I 
ΔE 

(eV) 

VS2 

(mm)

VS3 

(mm)

Photon flux at 

sample position, N 

(ph/s) 

 

FWHM spot 

size, H × V 

(mm2) 

ΔE/E 

(10-4) 

4.0 120.1 0.91 1.5 1.2 5.40 × 1011 0.53 × 0.53 2.28 

6.0 105.4 1.63 1.1 0.8 5.19 × 1011 0.56 × 0.52 2.72 

8.0 118.1 3.20 1.3 1.0 5.21 × 1011 0.57 × 0.56 4.0 

 

Fig.44 gives a visual comparison between the spot size and the energy resolution obtained 

for a given intensity (~ 5 × 1011) of 6.0 keV photons at the sample position both in the 

presence and the absence (sagittal focusing) of mirror. 

 

The focusing effect of the toroidal mirror is clearly evident in both the horizontal and 

vertical directions as compared to sagittal focusing that occurs only in the horizontal 

plane, at the sample position. Further, due to the absorption properties of the mirror, a 

relatively larger BW is required to transmit the same number of photons (~ 5 × 1011 in 

this case) at the sample position than that needed in its absence (sagittal focusing). This 

has resulted in the observed degradation in resolution at a given energy when using mirror 

(compare Table-15 and 17), and these results thus obtained are plotted in Fig.45 

 

 
(a) 
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(b) 

Si (111) DCM (sagittally bent 2nd crystal)     Mirror+Si (111) DCM (both crystals flat) 

Fig.44: Ray-diagrams showing the (a) spot size and (b) energy resolution of the beamline 
at 6.0 keV for a fixed throughput of 5 × 1011 photons at the sample position, in the 
presence and in the absence of mirror. 
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Fig.45: Energy resolution of the beamline at different energies for a fixed throughput of 5 
× 1011 photons at the sample position, in the presence and in the absence of mirror. 
 

However, the BL resolution is likely to degrade further if the deformations occurring due 

to thermal heat load and other imperfections in the OEs are taken into account. Such a 

study will be carried out in Sect. 6. 

 

In Fig.46, the BL optical layouts for the toroidal mirror-Si (111) DCM (both crystals flat) 

combination are shown. 
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Fig.46: Diagram showing the schematic optical layout of the XPS BL comprising the 
toroidal mirror-DCM (both crystals flat) design combination. 
 

[C] Collimating Mirror + Si (111) DCM (sagittally bent 2nd crystal) 

 

In order to further enhance the resolution and to test the feasibility of an alternate design 

combination for our XPS BL, we have considered a Pt-coated collimating mirror in place 

of the toroidal mirror. A Si (111) DCM with a sagittally bent 2nd crystal has been 

considered as the 2nd OE to satisfy the criteria of a focused beam at the sample position. 

Using SHADOW, the radius of curvature for our collimating mirror surface along the 

merdional direction required to produce the collimation has been found to be ~ 4444.2 m. 

The resolution (ΔE/E) and the flux (N) transmitted at the sample position by this 

combination have been evaluated without considering any slits along the BL except the 

slit pair HORIZ 1 and VERT 1, which is used to define the beam footprint on the useful 

surface of the mirror. The results obtained from this study are given in Table-22. The 

reflection characteristics of the mirror have been taken into account. 

 

From Table-22 as well as Fig.47, we observe a significant improvement in the resolution 

obtained when using a collimating mirror. A collimating mirror nullifies the angular 

divergence of the incident beam thereby rendering the reflected beam parallel 

(collimation). 
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Table-22: Energy resolution and the flux transmitted at the sample position by the Pt-
coated collimating mirror-Si (111) DCM combination at different energies. 
 

Photon flux (ph/s) 

E (keV) I 
ΔE 

(eV) NS N 

FWHM spot 

size, H × V 

(mm2) 

ΔE/E 

(10-4) 

2.1 143.9 0.18 2.38 × 1013 5.48 × 1011 0.19 × 9.50 0.85 

4.0 459.5 0.47 1.12 × 1013 2.06 × 1012 0.23 × 8.23 1.16 

6.0 538.6 0.89 6.16 × 1012 2.65 × 1012 0.20 × 6.83 1.48 

8.0 517.1 1.41 3.68 × 1012 2.28 × 1012 0.20 × 5.77 1.76 

10.0 117.5 1.97 2.30 × 1012 4.32 × 1011 0.20 × 5.16 1.97 

12.0 27.1 2.59 1.48 × 1012 8.02 × 1010 0.20 × 4.50 2.15 

15.0 10.5 3.52 8.00 × 1011 2.02 × 1010 0.23 × 4.10 2.34 

 

A comparison of the resolution and the flux transmitted at the sample position between 

the three design combinations (in the absence of slits) studied so far is given in Fig.47. 
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Fig.47: Comparison between (a) the flux throughput and (b) the resolution obtained at the 
sample position (absence of slits) for three different design combinations studied. 
 

The nearly zero divergence of the reflected beam off the collimating mirror thus helps to 

improve the energy resolution of the monochromator that follows it (see Eqn. 21). 

However, on account of the length, the distance and the reflection characteristics of the 

mirror being the same, no appreciable change is observed in the flux obtained using a 
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collimating mirror from its corresponding value obtained using a toroidal mirror. This 

implies that the mirror can be utilized to cover the energy range between 0.8 and 8.0 keV, 

above which its reflectivity begins to degrade significantly (see Fig.30). 

 

In order to enhance the flux throughput of this design combination for higher energies, 

the grazing angle, θg of the collimating mirror could be reduced. Using XOP, we have 

found the optimum value of θg to be 5.0 mrad. The corresponding meridional radius of 

curvature required to produce the desired collimation has been found to be ~ 8000.0 m. 

With the useful length of the mirror at 1.1 m and θg = 5.0 mrad, the flux throughput and 

resolution of this design combination (evaluated using SHADOW) is shown in Fig.48. 

For comparison, we have also plotted the corresponding values for θg = 9.0 mrad. 
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Fig.48: Comparison between (a) the flux throughput and (b) the resolution obtained at the 
sample position for different grazing angles of the collimating mirror in the collimating 
mirror-Si (111) DCM combination. 
 

Thus, with the collimating mirror-Si (111) DCM combination, the system can be utilized 

to provide high-resolution high-flux throughput in the range 4.0 – 15.0 keV. Typically, its 

resolution is found to vary from ~ 1.2 × 10-4 to 2.3 × 10-4 as the energy is scanned from 

4.0 to 15.0 keV, with a flux of over 1012 photons/s obtained at the sample position in this 

energy range. The presence of absorption edges of Pt hampers the use of the mirror in the 

region between 2.0 and 3.0 keV. 

In Fig.49, we compare the spot size and the energy resolution obtained for 6.0 

keV photons at the sample position for two design combinations (in the absence of any 
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slits), viz, the Si (111) DCM (sagittally bent 2nd crystal) and the collimating mirror-Si 

(111) DCM (sagittally bent 2nd crystal) combination. 

     
 

(a) 

    
(b) 

Si (111) DCM (sagittally bent 2nd crystal)         Collimating mirror+Si (111) DCM  

 

Fig.49: Ray-diagrams showing the (a) spot size and (b) energy resolution of the beamline 
at 6.0 keV in the absence of any slits. 
 

From Fig.49b, we clearly find that the effect of collimation has enhanced the energy 

resolution of the beamline by more than a factor of 6 while preserving its flux throughput. 

Further, the vertical spot size obtained for the collimated beam is found to be nearly twice 

as small than its value obtained for the uncollimated beam. However, no appreciable 

change is observed in the horizontal spot sizes for the two beams. 
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When the collimating mirror is employed, an additional mirror (toroidal) could be 

required after the DCM (flat beryl crystal pair) to produce a focused beam of photons in 

the range 0.8 – 2.0 keV at the sample position. At θg = 5.0 mrad, the mirror reflectivity 

decreases to less than 40 % for lower energy photons (0.8 – 2.0 keV). Further, the 

presence of an additional OE (i.e. a mirror) after the DCM could decrease the overall flux 

throughput of this system. 

We thus conclude that the collimating mirror with θg = 5.0 mrad could be considered 

if a high-resolution high-flux throughput is desired in the energy range 4.0 – 15.0 keV. 

However, for energies between 0.8 and 2.0 keV, a toroidal mirror would always be 

required after the DCM to provide a focused beam at the target position. The presence of 

a toroidal mirror could decrease the overall throughput of the BL. This implies that the 

toroidal mirror-DCM combination (described earlier) should be preferred for photon 

energies between 0.8 and 2.0 keV, and in cases requiring highly focused beams at the 

target position. On the other hand, the collimating mirror could be effectively employed 

to provide high-resolution high-flux throughput for photon energies from 4.0 to 15.0 keV. 

Fig.50 shows a schematic optical layout of the collimating mirror-Si (111) DCM 

(sagittally bent 2nd crystal) combination. 

 

 
 
Fig.50: Diagram showing the schematic optical layout of the XPS BL comprising the 
collimating mirror-DCM (sagittally bent 2nd crystal) design combination. 
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4.4 Mechanical layout of the BL 
 

The overall mechanical layout of our XPS BL, depicting its various components and their 

distances from the INDUS-2 BM source is given in Fig.51a. Fig. 51b shows photograph 

of part of the beamline being set up. In this figure, the labels BC, PBPM, SL, BV and ES 

denote the beam collimator, photon beam position monitor, slits, beam viewer and the 

experimental chamber respectively. 

 

5 Effect of INDUS-2 heat load on BL optics – an FEA study 
 

As stated in Sect. 3, a total of ~ 90 W of SR power is contained in the 3.0 mrad horizontal 

divergence of INDUS-2 BM source. Such high power beams encountered at 3rd 

generation SR facilities like INDUS-2 pose tough challenges to the designer of beamline 

OEs such as mirrors, monochromators and slits. The OEs facing the direct heat load from 

such SR beams may undergo thermal deformation that may severely degrade their 

performance thereby leading to a significant loss of brilliance at the sample position [28]. 

Developing efficient cooling mechanisms to minimize thermal deformations in the OEs 

therefore becomes designer’s topmost priority. The cooling schemes generally fall into 

two categories: the direct and the indirect. In the former, cooling channels are made 

directly into the body of the OE, and it offers the best heat transfer capabilities while in 

the latter, channels are made into a cooling block and the OE is usually placed over the 

block for indirect cooling. A suitable fluid (in most cases, water) is allowed to flow 

through these channels so as to carry away the SR heat by a process called as the forced 

convection. 

 

FEA codes are generally employed to study and choose from a range of cooling schemes 

by simulating and thereby finding the acceptable deformation for an OE under the 

influence of SR heat load. Such studies are extremely crucial in the task of beamline 

design as they provide very useful means to visualize (predict) the response of a suitably 

cooled OE to high power SR beams before its incorporation in a BL. 
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Before we describe the effect of INDUS-2 BM heat load on the deformation of the OEs in 

our beamline, we present some useful relations that we have utilized to estimate the 

values of heat transfer coefficient (hf) corresponding to a given cooling channel geometry 

and different water flow rates. All the calculations and simulations in this study are 

performed for an inlet water temperature of 20 °C. Further, we have considered the flow 

of water in the turbulent regime, rather than laminar, for efficient heat transfer. 

 

Accordingly, we have used the Gnielinski Correlation [63] (see Eqn.33) that predicts 

(estimates) the values of hf for flow rates in the turbulent regime to a very good accuracy. 

 

Nu = (hf dh k-1) = [(f/8) (Re – 1000) Pr] [1 + 12.7 (f/8)0.5 (Pr2/3 – 1)]-1             (33) 

 

Where Re = (ρ vw dh)/ μ ; f = (0.79 ln Re – 1.64)-2; Pr = c μ/ k; 

and dh = 4 (channel cross-sectional area)/ channel perimeter. 

Quantities Re, Pr, Nu are called Reynold, Prandtl and Nusselt numbers 

respectively, and are dimensionless. k, ρ, c and vw are the thermal conductivity, density, 

specific heat and velocity of water respectively at a given temperature. At 20 °C water 

temperature, k = 0.615 W/m-°C, ρ = 995.7 kg/m3, c = 4180 J/kg-°C and μ = 0.7978 × 10-3 

kg/m-s. dh is the hydraulic diameter of a cooling channel. For circular channels, it is the 

channel diameter. 

For a flow in the turbulent regime, Re > 2300; so that Re = 2300 is the critical 

value below which the flow will be laminar. Using Eqn. 33, we have calculated the values 

of hf for a range of water flow rates and cooling geometries studied (both circular and 

rectangular), and ensured that the flow rates lie in the turbulent region by satisfying Re > 

2300. These results are presented in Table-23 below. 

 

From Table-23 we find that for a given velocity of water flow and channel diameter, the 

flow rate in the case of rectangular channel has to be doubled to achieve the same level of 

heat transfer as that of a circular channel. 
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Table-23: Values of heat transfer coefficients calculated as a function of cooling water 
flow rates at 20 °C in the turbulent region for different cooling channel geometries. 
 

Channel geometry 

Circular Rectangular 

hf (W/m2-

°C) 

Channel 

diameter, 

dh (mm)/ 

[channel 

cross-

section 

(mm2)] 

Critical 

velocity, 

vwc (cm/s) vw (cm/s) 

Single 

channel 

flow rate 

(l/min) 

vw (cm/s) 

Single 

channel 

flow rate 

(l/min) 

 

45.0 0.53 – – 2324.7 

55.0 0.65 – – 2985.2 

65.0 0.76 – – 3617.4 

75.0 0.88 – – 4226.3 

85.0 1.00 – – 4815.5 

130.0 1.50 – – 7300.1 

170.0 2.00 – – 9362.1 

5.0 36.9 

212.0 2.50 – – 11439.8 

35.3 0.60 – – 1788.4 

40.0 0.68 – – 2105.7 

59.0 1.00 – – 3312.8 

88.4 1.50 – – 5009.0 

6.0 30.7 

117.9 2.00 – – 6586.6 

33.1 1.00 33.1 2.00 1799.6 

50.0 1.50 50.0 3.00 2827.9 

– – 41.6 2.50 2327.0 

– – 58.3 3.50 3309.5 

8.0/  

[20 × 5] 
23.0 

– – 66.6 4.00 3774.5 

3.0/  

[6 × 2] 
61.4 – – 65.0 0.47 3171.5 
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The values of hf are applied to the element faces (in the FEA code) lining the inner walls 

of the cooling channels to account for the water flow in them. Although the direct cooling 

scheme is the most preferred due to its high heat transfer capabilities, it often leads to the 

generation of residual stresses in the OEs due to fabrication processes. Therefore, for 

moderately high heat loads such as that from an INDUS-2 BM an indirect cooling scheme 

may be considered. Likewise, we have considered the indirect cooling scheme for all the 

OEs of our BL. Copper, due to its excellent thermal conductivity, has been considered as 

the material for cooling blocks, pipes and pads. 

 

In all the FEA studies (thermal analysis) reported here, we have considered an ideal 

contact between the OE and the Cu block. In reality, a thin layer of liquid indium-gallium 

(In-Ga) metal interface or an In foil will be provided in between the two for good thermal 

contact. In fact, the presence of such a layer would offer some resistance to heat flow, 

resulting in some temperature gradient across it due to its smaller thermal conductivity (~ 

0.1 of Cu value); however, the layer being only ~ few 10’s of microns, the resulting 

temperature rise across it may be neglected, thereby justifying our omission of this layer 

in the FEA calculations. Moreover, in the structural deformation studies of the OEs, we 

have omitted the Cu substrate so as to eliminate the strain in the OE resulting from 

differential thermal expansion of the two materials (that of OE and Cu) under the heat 

load. In reality, the OE is being held onto the Cu substrate only by the surface tension of 

the liquid In-Ga alloy. Further, there is no rigid connection between the Cu substrate and 

the OE. Practically, the OE thus experiences a strain-free mount, thereby justifying our 

omission of the Cu substrate in the FEA calculations (structural). 

 

We now present our study on the effect of INDUS-2 BM heat load on the deformation of 

water-cooled OEs of our beamline such as the mirror, the monochromator and the slits by 

suitably changing their thickness, their cooling geometry as well as the water flow rate. 

An FEA code ANSYS has been used for the purpose. 

 

5.1 Toroidal Mirror: 
 

When used, the Pt-coated toroidal mirror forms the first OE of our BL that faces the 

direct BM heat load (~ 90 W) from the INDUS-2 source. About 90 % of this power is 
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concentrated within the 0.4 mrad vertical beam divergence, and this projects a length of ~ 

91.0 cm on the mirror surface along its length (at 20.0 m from the source and θg = 9.0 

mrad). With 3.0 mrad horizontal beam divergence, the radiated power of the SR beam 

(with its peak power density of ~ 0.215 W/cm2) imprints its footprint of ~ 6.0 × 91.0 cm2 

on the mirror surface (see Fig.52). 

 

 

 

            
   

Fig.52: Schematic diagram showing the beam footprint (shaded area) on the surface of 
the Pt-coated toroidal mirror. The length of the mirror shown in between the dotted lines 
on its surface is its useful length (1.1 m). 
 

A distribution of the incident BM power density on the mirror surface along its length is 

shown in Fig.53 

 

Due to the symmetric (Gaussian) nature of the power distribution along the mirror length 

as well as the symmetry of the mirror geometry itself, only half the mirror length is 

modeled (considered) in the FEA code. (Such symmetry considerations, if taken into 

account, decrease the size of the model thereby decreasing the overall calculation time 

without affecting the result of the calculation). Indirect cooling of the mirror will be made 

from the sides. 
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Fig.53: The incident BM power density profile on the mirror surface along its length. 
 

Using ANSYS, we have compared the effectiveness of two different types of cooling 

geometries: the rectangular and the circular. In the former case, we have considered two 

water-cooled Cu blocks (20 mm height by 5 mm width channel cross-section) that run 

along the mirror length, one each on either side. In the latter case, two water-cooled Cu 

pipes running along the mirror length have been considered. In both these cases, the 

thickness of the channel wall and the channel diameter has been taken as 3.0 and 8.0 mm 

respectively. The finite element model for the mirror with its cooling pipes is shown in 

Fig. 54 The mirror is densely meshed in the region of the beam footprint; the footprint 

being divided into 40 and 24 elements in the vertical (Z) and horizontal (X) directions 

respectively. Increasing the mesh density in the footprint region increases the accuracy of 

the result of a given calculation in the sense that heat load can now be further discretised 

and applied so as to resemble the continuous BM power distribution. 

Using XOP we have found that the mirror absorbs ~ 43 W of the incident power. As the 

mirror is held at grazing incidence (θg = 9.0 mrad), a large fraction of this power is 

absorbed within the first few 100 μm of the top mirror surface. We have therefore 

considered the incident power profile shown in Fig. 53 as the input heat flux [64] in the 

FEA code. Accordingly, the power profile is first discretized into 40 divisions using a 

code SPECTRA, and applied to the element faces on the mirror surface in the beam 

footprint. 
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Fig.54: The finite element model of the toroidal mirror generated in ANSYS. Due to 
symmetry considerations, only half the mirror length is modeled. 
 

In the X-direction, however, the power distribution is uniform. The thermo-physical 

properties (and their values) used for materials of the mirror substrate (Si) and the cooling 

geometry (Cu) in the FEA code are listed in Table-24 below. 

Initially, for a given water velocity of 33.1 cm/s (and hf = 1799.6 W/m2-°C) we have 

evaluated the temperature distribution as well as the resulting thermal deformation (in the 

vertical Y direction) in the mirror for both the rectangular and circular cooling 

geometries. As seen from Table-23 above, this corresponds to a water flow rate of ~ 1.0 

and 2.0 l/min for the circular and rectangular geometries respectively. For deformation 

studies, to account for the model symmetry, symmetry boundary conditions have been 

applied. In our case this implies fixing the nodes on the face ‘A’ in the Z-direction as well 

as those lying in the Y-Z plane that passes through the central line of the top mirror 

surface in the X-direction (see Fig.55). 

 

Besides these, a bottom node ‘N’ is fixed in all the three directions. These constraints not 

only restrict the translation and rotation of the finite element model but also ensure that 

the resulting deformation is purely due to the application of heat load. The results of these 

analyses are shown in Figs.56 and 57. 
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Table-24: Thermo-physical properties of Si and Cu at 20 °C. 

 

Material Si Cu 

Thermal conductivity [W/m-°C] 150 400 

Thermal expansion coefficient [/°C] 2.33 × 10-6 16.5 × 10-6 

Density [kg/m3] 2330 8960 

Specific heat [J/kg-°C] 705 385 

Young’s modulus [GPa] 131 128 

Poisson ratio 0.25 0.34 

Emissivity 0.9 0.1 

 

 

 

 

      
Fig.55: A closer view of the finite element model of the mirror showing its faces and the 
nodes where structural constraints were applied in the FEA code ANSYS. 
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Fig.56: Temperature distribution within the water-cooled mirror under the influence of 
INDUS-2 BM heat load. 
        

                  
Fig.57: A distribution of mirror displacement in the direction perpendicular to its surface 
resulting due to its temperature distribution shown in Fig.40. 
 

A small temperature rise of ~ 2.16 and 1.85 °C (not shown here) is observed on the mirror 

surface for the cases of circular and rectangular cooling geometries respectively. Due to 

this temperature rise, the mirror shows a maximum displacement (expansion) of ~ 2.5 μm 

in a direction perpendicular to its surface. 

 

A useful quantity to analyze the extent of deformation is called the slope error (SE). SE 

gives an estimate of the surface figure deformation of an OE from its ideal shape. The 

slope error of a surface along a given direction can be calculated by differentiating its 

perpendicular displacement in that direction [65]. It is usually measured in radians. The 

SE of a flat surface, for example, with constant/ no displacement at all is zero. A non-zero 

SE would, therefore, certainly imply some kind of surface deformation. 
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We have studied the variation of displacement in both the tangential (Z) and sagittal (X) 

directions along the centerline of the top mirror surface as their respective SEs are found 

to maximum. The results obtained for both the circular and rectangular geometries are 

plotted in Fig.58. 
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Fig.58: (a) Vertical displacement and (b) slope error profiles along the centerline of the 
top mirror surface in the tangential (Z) and sagittal (X) directions for different cooling 
channel geometries.  
 

The displacement plots clearly indicate the generation of a thermal bump in the region of 

the beam footprint. As is evident, the thermal bump is caused by the thermal expansion of 

the mirror in a direction perpendicular to its surface. Further, it is seen from these figures 

that the tangential displacements nearly follow the incident power profile (see Figs.53 and 

58a). However, the overall displacement gradient on the mirror surface along the 
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tangential direction for the case of circular geometry is less compared to its rectangular 

counterpart, as a result of which the observed SE in this direction is less (~ 1.4 μrad). On 

the other hand, even though the surface temperature drops as we move towards the edges 

of the mirror along its sagittal direction, the corresponding displacement is found to rise. 

This behaviour could be due to the geometrical constraint of the model itself (on account 

of its sagittal curvature), which undergoes free expansion. 

 

The values of maximum surface temperatures and SEs (tangential and sagittal) for 

different water flow rates and cooling geometries are summarized in Table-25. Here, we 

have also given the corresponding values for the case when, in the worst-case scenario, 

cooling by forced convection fails. This is the situation when cooling by means of 

radiation alone takes place. 

 

Table-25: Values of tangential and sagittal slope errors obtained on the mirror surface as 
a function of water flow rate and cooling geometries. 
 

Total slope error (μrad) 

Cooling 

geometry 

Single channel 

flow rate 

(l/min) 

Maximum 

surface 

temperature 

(°C) 

Tangential Sagittal 

Rectangular 2.0 21.85 3.3 15.0 

Rectangular 3.0 21.37 3.2 14.6 

Circular 1.0 22.16 1.4 15.7 

Circular 1.5 21.69 1.3 15.3 

Radiation 
cooling 

– 71.00 10.3 263.0 

 

From Table-25, we find that values of slope errors reach unacceptable values when the 

mirror is left to cool by radiation alone, in case of a water-flow failure. This indicates the 

significance (need) of cooling the mirror by forced convection for its steady operation. 

Further, we see that as the flow rate is increased for a given cooling geometry, the rise in 

surface temperature decreases, as also the values of the corresponding SEs. This is due to 

the enhanced heat transfer properties observed at higher flow rates (see Table-23).  

Moreover, the acceptable values of tangential (1.4 μrad) and sagittal SEs (15.7 μrad) 
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obtained even for lower flow rates (1.0 l/min) has encouraged us to consider the circular 

geometry for efficient mirror cooling. 

Based on our FEA studies and specifications, the cooling geometry of our mirror 

has also been fabricated at (and by) the SESO, France [58]. The sides of the mirror are 

fine ground so as to allow a good thermal contact with the cooling geometry. The cooling 

geometry consists of a series of Cu metal pads that are held onto both sides of the mirror 

with an In foil in between them (see Fig.59). A bent Cu pipe has been brazed into the 

metal pads for water-cooling. Fig.60 shows a photograph of this Pt-coated Si toroidal 

mirror with its cooling geometry. 

 

 
Fig.59: Diagram of the fabricated Pt-coated Si toroidal mirror showing its support and its 
accompanying cooling geometry. 
  

 
 
Fig.60: Photograph of the Pt-coated Si toroidal mirror along with its cooling geometry.  



 104

5.2 Crystal Monochromators: 
 

The beryl crystal, in our BL, forms the 2nd OE after mirror. It will therefore accept a 

focused beam of INDUS-2 BM radiation on its surface. The silicon crystal, if used in 

combination with the mirror, will also receive a focused beam as the 2nd OE. As the 

mirror absorbs ~ 43 W of BM radiation, the remaining power of only ~ 47 W is contained 

in the focused beam. The Si crystal, on the other hand, can also be used in the absence of 

the mirror, in which case it will form the 1st OE facing the direct SR heat load (~ 90 W) 

from the INDUS-2 BM. In Table-21 below, we give the dimensions of the SR beam 

footprint on these crystal surfaces (evaluated using SHADOW) held at 30.0 m from the 

source at different Bragg angles and focusing/ non-focusing conditions. We have also 

given the corresponding values of maximum incident peak power densities on their 

surfaces. 

 

 

Table-26: Values of beam footprint and peak power densities obtained on the surface of 
beryl and Si crystals at different Bragg angles and focusing conditions. 
 

SR beam footprint, H × V 

(mm2) 

Incident peak power 

density (W/cm2) Crystal 
Energy 

(keV) 
θB° 

Focused Unfocused Focused Unfocused 

0.8 76.30 30.0 × 6.2 – 25.3 – 
1.0 51.00 30.0 × 7.7 – 20.3 – 
1.4 33.70 30.0 × 10.8 – 14.5 – 

Beryl 

(10ī0) 

2.0 22.87 30.0 × 15.4 – 10.2 – 
2.1 70.34  30.0 × 6.4 90.0 × 13.0 24.5 10.0 

4.0 29.60 30.0 × 12.1 90.0 × 24.8 13.0 5.2 

6.0 19.24 30.0 × 18.2 90.0 × 37.2 8.6 3.5 

8.0 14.31 30.0 × 24.3 90.0 × 49.6 6.4 2.6 

10.0 11.40 – 90.0 × 62.0 – 2.1 

12.0 9.48 – 90.0 × 74.5 – 1.7 

Si (111) 

15.0 7.57 – 90.0 × 93.1 – 1.4 
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From Table-26 we find that for a given crystal, a decrease in its Bragg angle corresponds 

to an increase in the vertical dimension of the beam footprint. Further, as expected, the 

focused beam is found to occupy a smaller region (area) on the crystal surface as 

compared to its unfocused counterpart. Although the focused beam contains less power 

content (~ 47 W) compared to the unfocused beam, the act of focusing leads to high 

concentration of SR power in a small region, thereby leading to higher power densities on 

exposed crystal faces. As seen from Table-26 above, a focused beam offers more than 

twice as high peak power densities than those provided by an unfocused beam for a given 

θB. Moreover, for a given crystal, the power density is found to be highest when it is set at 

higher Bragg angles to diffract the lowest energy photons. For example, maximum power 

densities of ~ 25.3 and 24.5 W/cm2 are observed on the beryl and Si crystal faces when 

used to diffract a focused beam of 0.8 and 2.1 keV photons respectively. Such high power 

densities may severely degrade the performance of a monochromator in the absence of an 

adequate cooling mechanism. 

 

Initially, we have evaluated the thermal deformation for Si and beryl crystals set to 

diffract a focused beam of 2.1 and 0.8 keV photons that correspond to the highest power 

densities (see Table-26). We have also evaluated the corresponding deformation obtained 

for the Si crystal (set to diffract 2.1 keV photons) when it faces the direct unfocused 

beam. For these calculations, we have taken crystal thickness to be 8.0 mm. Fig.61 shows 

the region of the beam footprint on the Si crystal set to diffract 2.1 keV photons 

(unfocused). 

 
Fig.61: Schematic diagram showing the beam footprint (shaded area) on the surface of 
the Si (111) crystal set to diffract 2.1 keV photons.  



 106

 

The symmetric (Gaussian) nature of the BM power distribution, the impinging beam 

footprint as well as our crystal geometry has enabled us to model (consider) only a fourth 

(quadrant) of the crystal for FEA calculations. The indirect cooling geometry will consist 

of a 16.0 mm thick, 110.0 × 110.0 mm2 Cu block with 14 channels of diameter 5.0 mm 

each, running along its length at a depth of 5.5 mm from its top surface. Cooling will be 

accomplished by flowing water through these channels at a sufficient flow rate. The 

crystal will be placed over this cooling block, with a liquid In-Ga alloy in between the 

two for better thermal contact. The finite element model of our crystal and its cooling 

geometry is shown in Fig.62. The crystal is densely meshed in the region of the beam 

footprint; the footprint being divided into 10 and 28 elements in the vertical (Z) and 

horizontal (X) directions respectively.       

 

         
Fig.62: The finite element model of the crystal monochromator and its cooling block. 
Due to symmetry considerations, only a quadrant of the crystal and its cooling block are 
modeled. 
 

When the crystal is set at a given Bragg angle, it will absorb all the other photons except 

those satisfying the Bragg condition for diffraction. Therefore, to account for a realistic 

deformation of the crystal under SR heat load, its absorption characteristics have to be 

taken into account [65,66]. Using XOP, we have estimated the amount of power absorbed 
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by dividing the crystal into 3 layers of thickness 0.75, 1.28 and 2.2 mm, and will be 

designated as the 1st, 2nd and the 3rd layer respectively. These layers are seen in Fig.62 as 

element divisions along its depth. The absorption in each layer is calculated as the 

difference between the power incident and power transmitted through each such layer. 

About 99.9, 0.06 and 0.007 % of the total power is absorbed in the 1st, 2nd and the 3rd 

layer respectively for a Si crystal set to diffract 2.1 keV photons. On the other hand, a 

total of ~ 97.5, 2.23 and 0.2 % of the power is absorbed in the respective layers of beryl 

that is set to diffract 0.8 keV photons. Thus, Si is found to show almost 100 % absorption 

within 1.0 mm from its surface whereas beryl correspondingly absorbs ~ 98 % of the 

incident power. Using this data, we have calculated the corresponding absorbed power 

density and the resulting heat generation rate within these 3 layers for the case of a 

focused beam; the heat generation rate in a given layer is calculated by dividing the 

absorbed power density by the layer thickness. The results obtained are tabulated in 

Table-27. 

 

Table-27: Values of absorbed power densities within the depths of beryl and Si crystals 
set to diffract 0.8 and 2.1 keV photons respectively. 
 

Absorbed power density 

(W/cm2) 

Heat generation rate 

(W/m3) Layer no. 

Layer 

thickness 

(mm) Beryl Si Beryl Si 

1 0.75 24.10 24.42 320 × 106 324 × 106 

2 1.28 0.55 0.015 4.3 × 106 120 × 103 

3 2.20 0.05 0.0018 245 × 103 8.1 × 103 

 

The values of heat generation rate listed in Table-27 are applied as heat inputs to the 

elements belonging to layers in the beam footprint in the FEA calculations. 

 

For the case of an unfocused beam, the corresponding absorbed power density and heat 

generation rates are evaluated using the code SPECTRA. The results have been obtained 

using a procedure similar to that explained above; however, the advantage of using 

SPECTRA is that it gives a discretized, unfocused spatial distribution of BM power 

density and its absorption that can be directly used as an input in the FEA calculations. A 
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distribution of the absorbed power density and its heat generation rate in the first 3 layers 

of Si crystal set to diffract an unfocused beam of 2.1 keV photons is shown in Fig.63. 
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     (a)                                                                    (b) 
 
Fig.63: A distribution of the (a) absorbed power density and (b) heat generations rates 
within the first 3 layers in the Si crystal that is set to diffract an unfocused beam of 2.1 
keV photons.  
 

The thermo-physical properties (and their values) used for beryl crystal in the FEA code 

are listed in Table-28 below. 

 

Table-28: Thermo-physical properties of beryl at 20 °C. 
 

Material Beryl 

Thermal conductivity [W/m-°C] 4 

Thermal expansion coefficient [/°C] 2.6 × 10-6 

Density [kg/m3] 2650 

Specific heat [J/kg-°C] 840 

Young’s modulus [GPa] 300 

Poisson ratio 0.31 

Emissivity 0.9 
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Fig.64: A finite element model of the crystal showing its faces and the nodes where 
structural constraints were applied in the FEA code ANSYS. 
 

For a water velocity of 45.0 cm/s (and hf = 2324.7 W/m2-°C) we have evaluated the 

temperature distribution as well as the resulting thermal deformation (in the vertical Y 

direction) for both the monochromator crystals, i.e., beryl and Si. As seen from Table-23 

above, this corresponds to a water flow rate of ~ 0.53 l/min. For deformation studies, to 

account for the model symmetry, symmetry boundary conditions have been applied. In 

our case this implies fixing the nodes on the faces ‘A’ and ‘B’ in the Z- and X-directions 

respectively (see Fig.64). Besides these, a bottom node ‘N’ is fixed in all the three 

directions. These constraints ensure that the resulting deformation is purely due to the 

application of heat load. The results of these analyses are shown in Figs. 65 and 66. 

A maximum temperature rise of ~ 8.0 and 5.9 °C is found on the surface of Si 

when used to diffract focused and unfocused beams (2.1 keV) respectively. However, the 

focused beam is found produce a large temperature gradient around the region of the 

beam footprint, beyond which it remains almost uniform at ~ 20.0 °C. The temperature 

rise has generated a maximum displacement (expansion) of ~ 0.5 μm in the Si crystal in a 

direction perpendicular to its surface. 
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(a) 

 
 

(b) 

           Unfocused beam                                                     Focused beam 

 
Fig.65: A distribution of (a) temperature and the resulting (b) vertical displacement 
within the water-cooled Si crystal set to diffract a focused and an unfocused beam of 2.1 
keV photons. 
 

 

     
    

                          (a)                                                                 (b) 

Fig.66: A distribution of (a) temperature and the resulting (b) vertical displacement 
within the water-cooled beryl crystal set to diffract 0.8 keV photons. 
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Beryl, on the other hand, gives a much higher temperature gradient of ~ 202 °C. This 

could be due to its poor thermal conductivity (~ 4.0), which is about 38 times smaller than 

that of Si (~150.0) (see Table-24 and 28). 

 

In a monochromator crystal, the energy dispersion takes place along the vertical Y-Z 

plane (see Fig.64). Any deformation occurring along the Y-direction in this plane may 

directly influence the resolution of the monochromator. It is therefore important to 

evaluate SEs along the tangential (Z) direction, and ensure that they lie within the 

crystal’s Darwin width for a given energy. Accordingly, we have studied the variation of 

displacement in both the tangential (Z) and sagittal (X) directions along the centerline of 

the top crystal surface as their respective SEs are found to maximum. The results obtained 

for the case of Si crystal set to diffract focused and unfocused beams (2.1 keV) as well as 

those for beryl set to diffract 0.8 keV photons are plotted in Figs.67 and 68. 
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Fig.67: (a) Vertical displacement and (b) slope error profiles along the centerline of the 
top Si crystal surface in its tangential (Z) and sagittal (X) directions for different focusing 
conditions while diffracting 2.1 keV photons. 
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Fig.68: (a) Vertical displacement and (b) slope error profiles along the centerline of the 
top beryl crystal surface in its tangential (Z) and sagittal (X) directions while diffracting 
0.8 keV photons. 
 

The figures indicate a steep change in both the tangential and sagittal displacements for 

the case of a focused beam. As a result, the corresponding SEs along these directions 

show higher values of ~ 26.4 and 30.5 μrad compared to their respective values of ~ 20.1 

and 29.8 μrad for an unfocused beam. The values of SEs thus obtained are about an order 

of magnitude less than the Darwin width (~ 307 μrad) for Si at 2.1 keV. Hence, these 

values are quite acceptable. Further, the large temperature gradient of ~ 202 °C shown by 

beryl has resulted in very large SEs of ~ 900.4 and 1039.8 μrad in its tangential and 

sagittal directions respectively. These values are nearly comparable to the Darwin width 

(~ 1230.6 μrad) for beryl at 0.8 keV. 
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In an attempt to minimize the tangential SE for beryl we have evaluated its behaviour for 

increased water flow rates. These results are listed in Table-29 below. Here, we have also 

given the corresponding values obtained for Si that is set to diffract focused as well as an 

unfocused beam of 2.1 keV photons. 

 

Table-29: Values of maximum surface temperatures and the corresponding slope errors 
obtained for beryl and Si crystals for different cooling water flow rates. 
 

Slope error (μrad) 
Crystal 

Energy 

(keV) 

Flow rate 

(l/min) 

Maximum surface 

temperature (°C) Tangential  Sagittal 

0.53 221.9 900.4 1039.8 
0.76 221.6 900.4 1039.8 

Beryl 

(10ī0) 
0.8 

1.00 221.4 900.4 1039.8 
0.53 28.0 26.4 30.5 

0.76 27.7 26.4 30.5 
2.1 

(Focused)  
1.00 27.5 26.4 30.5 

0.53 25.9 20.1 29.8 

0.76 25.3 20.1 29.8 

Si (111) 

2.1 

(Unfocused) 
1.00 25.0 20.1 29.8 

 

From Table-29, we find that for a given crystal, as the flow rate is increased the 

maximum surface temperature decreases. This result is expected due to the higher heat 

transfer rates obtained at higher flow rates (see Table-23). However, the values of their 

corresponding SEs are found to be independent of the flow rate used. This indicates that 

for a crystal of a given thickness, the nature and the amount of deformation depends 

primarily on the distribution nature as well as the absorption of SR heat load within the 

crystal material. This suggests that decreasing the thickness could minimize the 

corresponding heat load absorption within the crystal thereby minimizing the resulting 

deformation. Accordingly, for a given flow rate of 0.53 l/min, we have evaluated the 

crystal deformation under INDUS-2 heat load by varying its thickness in the range 1.0 – 

8.0 mm. These results are summarized in Table-30. 
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Table-30: The values of maximum surface temperatures and slope errors obtained for 
beryl and Si crystals by varying their thickness. 
 

Maximum surface 

temperature (°C) 

Tangential slope error 

(μrad) 

Sagittal slope error 

(μrad) 
Crystal 

thickness 

(mm) Beryl 
Si 

(Unfocused) 
Beryl 

Si 

(Unfocused) 
Beryl 

Si 

(Unfocused) 

1.0 62.7 – 727.8 – 838.4 – 

2.0 100.1 24.5 789.2 17.8 950.6 25.4 

5.0 161.1 25.3 845.3 19.1 1021.6 27.6 

8.0 221.9 25.9 901.4 20.1 1092.6 29.8 

 

From Table-30, we find that as the crystal thickness is decreased, the corresponding slope 

errors in the tangential and sagittal directions also decrease, indicating a clear dependence 

of thickness on the amount of deformation. Moreover, the surface temperature is found to 

decrease significantly in the case of beryl from its value of ~ 221.9 to 62.7 °C as its 

thickness is reduced from 8.0 to 1.0 mm. A useful 20 % decrease obtained in its 

tangential SE (727.8 μrad) from its corresponding value at 8.0 mm thickness (901.4 μrad) 

has enabled us to consider 1.0 mm thick beryl crystal for further calculations. On the 

other hand, as seen from Tables 29 and 30, the Si crystal exhibits acceptable values of 

SEs even for a thickness of 8.0 mm. For further calculations concerning the Si crystal, we 

have considered its thickness to be 8.0 mm. 

 

Having optimized the thickness and thermal deformation of beryl and Si crystals facing 

the highest power densities, we now evaluate their corresponding behaviour for other 

energies in their working range. For these calculations, we have considered a fixed water 

flow rate of 0.53 l/min. These results are summarized in Table-31. For comparison, we 

have also given the Darwin widths of these crystals for different energies. 

From Table-31, we find that as the crystals are scanned to diffract higher energy 

photons, their maximum surface temperature decreases. This is due a decrease in power 

density as well as the corresponding increase in the area of the beam footprint (see Table-

26); thus implying that the incident power will now be more distributed and less 

concentrated on the crystal surface while diffracting higher energy photons. This has also 

resulted in a corresponding decrease in the values of SEs for both the crystals. For the 
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case of Si, over its entire energy range, the tangential SE is always found to be less than 

the corresponding Darwin width. 

 
Table-31: The values of maximum surface temperatures and slope errors obtained for 
beryl and Si crystals by varying their Bragg angles (diffraction energies). 
 

Slope error (μrad) 
Crystal 

Thickness 

(mm) 

Energy 

(keV) 

Max. surface 

temp. (°C) Tangential Sagittal 

Darwin 

width (μrad)

0.8 62.7 727.8 838.4 1230.6 

1.0 56.0 701.4 827.8 370.5 

1.4 47.1 688.4 732.4 200.0 

Beryl 

(10ī0) 
1.0 

2.0 40.4 674.0 715.0 126.5 

2.1 28.0 26.4 30.5 306.9 

4.0 26.5 24.7 27.1 81.6 

6.0 25.4 22.0 23.0 51.5 

8.0 25.1 22.0 22.0 37.1 

10.0 23.2 14.9 18.5 29.4 

12.0 22.7 12.4 15.4 24.1 

Si 

(111) 
8.0 

15.0 22.1 9.9 12.1 19.3 

 

Particularly, as the scan energy is increased from 2.1 to 15.0 keV the tangential SE 

becomes nearly 50 % of the Darwin width. Nevertheless, being less than their 

corresponding Darwin widths, the SE values thus obtained for the case of Si may be quite 

acceptable. 

 

On the other hand, the values of tangential SEs obtained for beryl for scan energies above 

0.8 keV far exceed their corresponding Darwin widths. In fact, for scan energy of 2.0 

keV, the SE value is over 5 times its Darwin width. These values are highly unacceptable 

if the monochromator is expected to provide a resolution of ~ 10-4. Further, such 

deformations may even degrade the quality of the image (focus) at the sample position. 

The inability of the beryl crystal to efficiently conduct heat through its body on account 

of its poor thermal conductivity (see Table-28) is believed to be the cause for such high 

surface temperatures and the resulting, highly unacceptable deformations in it. 
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A comprehensive study on the effect of such deformations on the resolution as well as the 

image size at the sample position will be carried out in Sect. 6. 

 

5.3   Slits 
 

As stated in Sect. 4, slits generally face high power SR beams directly at normal 

incidence, due to which they are most likely to undergo severe stresses and deformations 

(expansion) that may result in their near or complete closure giving rise to a total loss of 

photon flux in the extreme case. It is therefore important to provide an adequate cooling 

mechanism to a slit to minimize the resulting thermal deformation that may degrade its 

performance. 

 

In our XPS BL, the 1st and the 2nd set of slit pairs, i.e., VERT 1, HORIZ 1 and VERT 2, 

HORIZ 2 are placed at respective distances of 17.0 and 26.6 m, and are most vulnerable 

to INDUS-2 BM heat loads. The maximum values of power densities contained in the SR 

beam as well as the beam size in focusing and non-focusing conditions at the slit 

positions are given in Table-32. 

 

Table-32: Values of maximum power density and size of the beam intercepted by the 
slits placed at different distances along the beamline. 
 

Distance (m) Focused beam 
Beam size, H × V 

(mm2) 

Maximum power 

density (W/cm2) 

17.0 No 51.0 × 10.4 33.0 

26.6 No 80.0 × 16.3 13.5 

26.6 Yes 40.0 × 8.0 14.7 

 

In order to define the SR beam dimensions, the resolution as well as the BL throughput, 

the slits located at these positions are required to intercept some portion of the beam in 

both its horizontal and vertical directions. This leads to their exposure to such high power 

densities as given in Table-32. Being nearest to the source, the 1st set of slit pair, i.e., 

VERT 1 and HORIZ 1 will face the highest power density of ~ 33.0 W/cm2. 
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First, we will evaluate the deformation in the HORIZ 1 slit. The indirect cooling 

geometry will consist of a 10.0 mm thick Cu block with similar dimensions as the slit 

blade (see Fig.69). It will be attached to the back face of the slit, and displaced slightly (~ 

2.0 mm) in the horizontal direction away from the slit knife-edge that faces the beam. A 

U-shaped, 6.0 mm diameter cooling channel will run through the block as shown in 

Fig.69. 

                 
Fig.69: Back face of the Cu cooling plate for the horizontal slit blade, with the U-shaped 
cooling channel running through it. 
 

For FEA calculations, we have considered the case when the two HORIZ 1 slits block the 

entire 3.0 mrad horizontal beam divergence so as to simulate the worst conditions of 

power loading. In such a case, the SR power will imprint its footprint of ~ 25.0 × 10.4 

mm2 on each of the two slit surfaces (see Fig.70).  
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Fig.70: Schematic diagram showing the beam footprint (shaded area) on the surface of 
the horizontal slit blade placed at 17.0 m from the INDUS-2 BM source. 
 

A distribution of incident power density in this beam footprint is shown in Fig. 71. 
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Fig.71: The incident BM power density profile on the surface of the horizontal slit blade 
(shown in Fig. 70) along its height (X-direction).  
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Fig.72: The finite element model of the horizontal slit blade and its cooling plate 
generated using ANSYS.  
 

The finite element model of the horizontal slit blade is shown in Fig.72. The region of the 

beam footprint is divided into 10 divisions in each of its horizontal and vertical directions. 

Accordingly, the power profile (shown in Fig.71) is discretized and applied on the faces 

of elements in the beam footprint. 

 

The thermo-physical properties (and their values) used for the slit material, i.e., WC, in 

the FEA code are listed in Table-33 below. 

 

Table-33: Thermo-physical properties of WC at 20 °C. 
 

Material WC 

Thermal conductivity [W/m-°C] 84 

Thermal expansion coefficient [/°C] 5.2 × 10-6 

Density [kg/m3] 15800 

Specific heat [J/kg-°C] 130 

Young’s modulus [GPa] 680 

Poisson ratio 0.24 

Emissivity 0.8 
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We now evaluate the deformation in the HORIZ 1 slit initially by varying its thickness in 

the range 1.0 – 6.0 mm, for a given water flow rate of 1.0 l/min (inlet water temperature = 

20 °C). It is to be understood that the deformation (expansion) of the knife-edge in the 

horizontal (vertical) direction is relevant in the heat load study of a horizontal (vertical) 

slit. Appropriate structural constraints have been taken into account to ensure that the 

resulting deformation is purely due to the application of heat load. The results are listed in 

Table-34 below. 

 

Table-34: Maximum surface temperature and the resulting displacement obtained for the 
horizontal slit knife-edge at different slit thickness. 
 

Maximum temperature reached (°C) 
Slit 

Thickness 

(mm) Slit surface Water 

Maximum Y-

displacement (μm) 

1.0 187.3 49.9 22.9 

2.0 129.4 49.3 17.3 

4.0 103.1 48.0 14.4 
HORIZ 1 

6.0 94.9 47.5 13.7 

 

From Table-34, we find that as the thickness of the slit blade is increased from 1.0 to 6.0 

mm, its maximum surface temperature decreases from 187.3 to 94.9 °C. Correspondingly, 

the maximum displacement of its knife-edge is found to decrease from 22.9 to 13.7 μm. 

However, it is observed that both its rates of temperature as well as displacement decrease 

become less with increasing thickness. This indicates a decrease in the overall cooling 

efficiency for higher thickness. Nevertheless, a maximum displacement of even 22.9 μm 

for a horizontal slit appears insignificant considering that the horizontal slit widths 

usually are of the order of 10’s of mm. As an optimum value we have chosen the slit 

thickness of 4.0 mm for further calculations. We also notice in Table-34 that the 

maximum water temperature remains well below its boiling point at its flow rate of 1.0 

l/min. 

 

In Fig.73, we show the temperature distribution and the corresponding Y-deformation 

obtained at a flow rate of 1.0 l/min for a HORIZ 1 slit of thickness 4.0 mm. Fig.74 gives a 

plot of the Y-displacement of its knife-edge. 
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(a) 

 

                                         
(b) 

 

Fig.73: A distribution of (a) temperature and the resulting (b) Y-displacement within the 
water-cooled horizontal slit blade held at 17.0 m from the INDUS-2 BM source. 
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Fig.74: The Y-displacement profile along the knife-edge of the horizontal slit blade 
shown in Fig.73b. 
 

We now evaluate the deformation for this 4.0 mm thick HORIZ 1 slit at different water 

flow rates in the range 0.6 – 2.0 l/min. The results are presented in Table-35.  

 

Table-35: Maximum surface temperature and the resulting displacement obtained for the 
horizontal slit knife-edge at different cooling water flow rates. 
 

Maximum temperature reached (°C) Flow rate 

(l/min) Slit surface Water 

Maximum Y-

displacement (μm) 

0.6 124.8 69.6 18.5 

1.0 103.1 48.0 14.4 

1.5 94.5 39.3 12.7 

2.0 90.5 35.3 11.9 

 

From Table-35, we find that the maximum values of slit surface temperature as well as its 

Y-displacement decrease with increasing flow rates. This is expected due to the higher 

heat transfer capabilities obtained at higher flow rates (see Table-23). However, their 

rates of decrease are found to become less at higher flow rates. Among these, the flow 

rate of 1.5 l/min, which gives maximum surface temperature and a corresponding Y-

displacement of ~ 94.5 °C and 12.7 μm respectively, may be considered as an optimum 

choice. 
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In Fig.75, we have shown a schematic diagram of the vertical slit blade, VERT 1, that 

will be located at 17.0 m from the BM source. As mentioned above, to simulate the worst 

conditions of power loading, a beam footprint of ~ 51.0 × 5.2 mm2 is considered on the 

slit surface. Its indirect cooling geometry also consists of a 10.0 mm thick Cu block with 

similar dimensions as the slit blade. It will be attached to the back face of the slit, and 

displaced slightly (~ 2.0 mm) in the vertical direction away from the slit knife-edge that 

faces the beam. A U-shaped, 6.0 mm diameter cooling channel will run through the block 

as shown in Fig.76. A distribution of incident power density in this beam footprint is 

already shown in Fig.71 above. 

                   
 

                   

Fig.75: Schematic diagram showing the beam footprint (shaded area) on the surface of 
the vertical slit blade placed at 17.0 m from the INDUS-2 BM source. 
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Fig.76: Back face of the Cu cooling plate for the vertical slit blade, with the U-shaped 
cooling channel running through it. 
 

The finite element model of this vertical slit blade is shown in Fig.77. The region of the 

beam footprint is divided into 5 and 9 divisions in its vertical and horizontal directions 

respectively. Accordingly, the power profile (shown in Fig.71) is discretized and applied 

on the faces of elements in the beam footprint. 

 

 
                   

Fig.77: The finite element model of the vertical slit blade and its cooling plate generated 
using ANSYS.  
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Similar finite element models of other slits such as HORIZ 2 and VERT 2 have also been 

generated, with their respective size of beam footprints depending on the focusing 

conditions, and studied for their deformation under INDUS-2 heat load. These 

calculations have been done by considering a flow rate of 1.5 l/min and slit thickness of 

4.0 mm. Moreover, like the HORIZ 1 and VERT 1 slits, we have considered the case 

when each vertical (horizontal) slit pair blocks the entire vertical (horizontal) beam 

divergence so as to simulate the worst conditions of power loading. The results obtained 

from all these studies are summarized in Table-36. 

 

Table-36: Maximum surface temperature and the resulting displacement obtained for the 
horizontal and vertical slit knife-edges held at different distances from the source with 
different focusing conditions. 
 

Maximum temperature reached (°C) Slit 

distance 

(m) 

Slit name 
Focused 

beam Slit surface Water 

Maximum Y-

displacement 

(μm) 

HORIZ 1 No 94.5 39.3 12.7 
17.0 

VERT 1 No 142.6 32.5 26.6 

No 64.5 32.4 9.4 
HORIZ 2 

Yes 106.4 31.3 15.1 

No 99.6 28.4 20.0 
26.6 

VERT 2 
Yes 78.2 25.6 15.6 

 

From Table-36, we see that for a non-focused beam, as the slit distance is increased, the 

maximum values of both their surface temperature and the Y-displacement of its knife-

edge decrease. This could be due to decrease in incident power densities at greater 

distances from the source. Interestingly, at a given distance (26.6 m), while the HORIZ 2 

shows an increase in its temperature and Y-displacement, the VERT 2 slit on the contrary 

shows a decrease in its corresponding values when using focused beams. Moreover, in the 

case of a non-focused beam, while the vertical slits show higher temperature and Y-

displacement relative to their respective horizontal slits at a given distance, VERT 2 slit is 

found to show a relative decrease in its surface temperature (78.2 °C) from that of its 

horizontal counterpart, HORIZ 2 (106.4 °C) when using focused beams. However, in  
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In Fig.78, we show the temperature distribution and the corresponding Y-deformation 

obtained at a flow rate of 1.5 l/min for a VERT 1 slit of thickness 4.0 mm. Fig.79 gives a 

plot of the Y-displacement of its knife-edge. 

 

                          
(a) 

 

                         
                       

(b) 
 

Fig.78: A distribution of (a) temperature and the resulting (b) Y-displacement within the 
water-cooled vertical slit blade held at 17.0 m from the INDUS-2 BM source. 
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spite of this large temperature difference between the two, both the slits do not show any 

appreciable difference in their displacements (expansions) of their knife-edges (~ 15.6 

and 15.1 μm). This unique behaviour could be due to the different geometries of the 

vertical and horizontal slit models undergoing free expansion under SR heat load coupled 

with the nature of distribution of the beam footprint on their respective surfaces. Further, 

a maximum displacement of even 26.6 μm obtained for a vertical slit (see Table-36), in 

our case, may be acceptable considering that the minimum entrance vertical slit widths 

used in our BL are ~ 1.1 mm (see Sect. 4). 
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Fig.79: The Y-displacement profile along the knife-edge of the vertical slit blade shown 
in Fig.78b. 
 

Further, we have also studied the effect that an accidental cooling failure may have on the 

deformations of some of our horizontal and vertical slits. The results of this study are 

presented in Table-37 below. 

From Table-37, we find that the maximum Y-displacements of all these slits increase by 

about an order of magnitude if left to cool by radiation alone. A displacement of ~ 155.0 

μm for a horizontal slit may still be acceptable; however, a value of ~ 199.0 μm obtained 

for a vertical slit would imply an overall 36 % decrease in the 1.1 mm vertical slit width, 

which is a significant factor. 
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Table-37: Maximum surface temperature and the resulting displacement obtained for the 
horizontal and vertical slit knife-edges in case of a cooling failure. 
 

Slit 

distance 

(m) 

Slit name 
Focused 

beam 
Maximum surface temperature (°C) 

Maximum Y-

displacement 

(μm) 

HORIZ 1 No 555.0 155.0 
17.0 

VERT 1 No 424.0 199.0 

No 355.0 183.0 
26.6 VERT 2 

Yes 287.0 165.0 

 

Moreover, although the surface temperatures are far below (in the range 287 – 555 °C) 

the melting point of WC (~ 2870 °C), it is always advisable to maintain temperatures well 

below 150 °C to ensure steady performance of other mechanical parts in connection with 

the slit. Therefore, it becomes extremely essential to provide adequate interlocks to detect 

stoppage or significant decrease in cooling water flow so as to achieve an acceptable 

performance. 

 

Based on our FEA studies and specifications, both the horizontal and vertical slit pairs 

and their cooling geometries have been fabricated in collaboration with the Centre for 

Design and Manufacture (CDM), BARC. The diagrams of both these slits with their 

respective cooling geometries are shown in Figs. 80 and 81. The vertical slit blade shown 

in this figure can be used to intercept focused beams; however, for an unfocused beam at 

a distance of 26.6 m, the slit shown in Fig.39 with a larger width will have to be used to 

completely intercept the horizontal beam divergence. 
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The slit blades will be attached to their respective Cu cooling plates by tightening screws 

through the holes that are provided in each of the slits as well as the cooling plates. For a 

strain-free attachment, i.e., to allow for expansion of the slit blade under SR heat load 

without generating any significant stresses, a wire path (devoid of any material) joining 

the holes in the slit blade has also been fabricated as shown in Figs.80 and 81. 

 

5.4 Beam Stopper: 
 

The beam stopper (BS) is one of the important front-end components. It helps to protect 

the downstream BL components from radiation damage by the SR heat load when the BL 

is not in use. The stopper will be placed at a distance of ~ 8.0 m from the INDUS-2 

source, and it should be designed so as to block the entire beam divergence in both the 

directions. Due to its excellent thermal conductivity (see Table-24), copper has been 

chosen as the material for our BS. 

 

We have assumed a total incident power of ~ 135 W, which corresponds to a horizontal 

beam divergence of ~ 4.5 mrad to be intercepted by the stopper. Further, the entire power 

contained in the full vertical beam divergence (~ 0.6 mrad) (see Fig.9) has been 

considered for the calculations. With these beam divergences, the BM SR will imprint its 

footprint of ~ 36.0 × 4.9 mm2 on the BS placed at 8.0 m from the source, with a 

maximum peak power density of ~ 1.5 W/mm2. This power density forms the input heat 

flux in FEA calculations. Designing the stopper for such high heat load conditions will 

also ensure its stable operation at lower SR powers. 

 

We have considered the stopper in the form of a circular plate with diameter of ~ 65.0 

mm (see Fig.82). A cooling pipe (inner diameter = 5.0 mm) is brazed into the back side of 

the Cu plate, and runs in the form of a U-shape (see Fig.83).  
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Fig.82: Schematic diagram showing the beam footprint (shaded area) on the surface of 
the beam stopper placed at 8.0 m from the INDUS-2 BM source. 
 

 

                             
                             

Fig.83: Back face of the beam stopper showing the U-shaped cooling channel running 
through it. 
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The corresponding finite element model of the BS is shown in Fig.84. 

 

                                                
Fig.84: The finite element model of the beam stopper generated using ANSYS.  
 

Initially, for a fixed water flow rate of ~ 2.0 l/min (inlet water temperature = 20 °C), we 

have calculated the temperature distribution in the BS by varying its thickness in the 

range 3.0 – 8.0 mm. These results are presented in Table-38. 

 

Table-38: Maximum surface temperature obtained by varying the thickness of the beam 
stopper and for the water running through its cooling channel. 
 

Maximum temperature reached (°C) 
Thickness (mm) 

BS surface Water 

3.0 92.2 75.0 

4.5 78.9 64.6 

6.0 73.7 60.8 

8.0 70.3 57.7 

 

From Table-38, we find that as the thickness of the stopper plate is increased from 3.0 to 

8.0 mm, its maximum surface temperature decreases from 92.2 to 70.3 °C. However, it is 

observed that the rate of temperature decrease becomes less with increasing thickness. 
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This indicates a decrease in the overall cooling efficiency for higher thicknesses. As an 

optimum value we have chosen the BS thickness of 6.0 mm for further calculations. We 

also notice in Table-38 that the maximum water temperature remains well below its 

boiling point of 100 °C at its flow rate of 2.0 l/min. 

 

In Fig.85, we show the temperature distribution at a flow rate of 2.0 l/min for a BS of 

thickness 6.0 mm. 

 

                        
Fig.85: Temperature distribution within the water-cooled beam stopper of 6.0 mm 
thickness, held at 8.0 m from the INDUS-2 BM source. 
 

We now evaluate the temperature distribution for a 6.0 mm thick BS at different water 

flow rates in the range 0.5 – 2.5 l/min. The results are presented in Table-39. In this table 

we have also given the corresponding values for the case when cooling by forced 

convection fails (no flow rate), i.e., when cooling by means of radiation alone takes place. 

 

From Table-39, we find that the BS is likely to melt if left to cool by radiation alone as its 

surface temperature easily exceeds its melting point (1327 > 1083 °C). Moreover, at a 

flow rate of 0.5 l/min the water temperature far exceeds its boiling point, while at 1.0 

l/min, it is dangerously close to this value at 92.5 °C. 
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Table-39: Maximum temperature obtained on the surface of the beam stopper and for the 
water running through its cooling channel at different water flow rates. 
 
 

 

These results indicate that an inability to maintain a suitable water flow or its accidental 

stoppage may lead to a catastrophic situation, and hence it is essential to provide adequate 

interlocks to detect stoppage or significant decrease in cooling water flow. However, for 

flow rates at and above 1.5 l/min the water temperature lies within the safe limits (≤ 70 

°C). Although the maximum surface temperature decreases with increasing flow rates, 

their rate of decrease is found to become less at higher flow rates. However, the flow rate 

of 2.0 l/min, which gives maximum temperatures of ~ 73.7 °C and 60.8 °C respectively 

for stopper surface and flowing water, may be considered as an optimum choice. 

 

Fig.86 shows a photograph of this beam stopper. The stopper mechanism is activated by 

flowing compressed air at a minimum pressure of ~ 4 bar which activates its pneumatic 

actuator, and leads to its (BS) closure in about 1.0 second. 

 

 
Fig.86: Photograph of the beam stopper along with its cooling channel. 

 

 

Maximum temperature reached (°C) 
Flow rate (l/min) 

BS surface Water 

0.5 174.1 161.7 

1.0 105.0 92.5 

1.5 83.1 70.3 

2.0 73.7 60.8 

2.5 67.7 54.6 

0.0 1327.0 – 
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6.  Optimization of BL throughput – a combined FEA-ray-

trace study 
 

Earlier, we had estimated the resolution as well the photon flux reaching the sample 

position in our BL without considering the effects of OE imperfections. Here, we will 

evaluate the effect of deformations (due to INDUS-2 heat load and other imperfections) 

of OEs such as the mirror and the 1st crystal of the DCM on the overall resolution and the 

throughput (photon flux) of our BL. 

 

The surface figure deformations occurring in the mirror and the 1st crystal of the DCM 

due to thermal heat load are characterized by their values of slope error. These slope 

errors have been estimated and optimized using the FEA code ANSYS. In order to 

account for surface deformations in these OEs, and study their effect on the resolution 

and the BL throughput, we have incorporated their optimum slope error values (estimated 

using ANSYS) so as to simulate the corresponding deformed surface in the ray-trace 

program SHADOW. Such a combined study constitutes the coupled FEA-ray-trace 

analysis [67], and is crucial in understanding the realistic behaviour of the BL (its 

components) under SR heat load. 

 

For the 1st crystal of the DCM, we have incorporated the tangential and sagittal slope 

error values listed in Table-31 above, depending on the energy to be diffracted. For the 

toroidal mirror, we have considered the measured values of its sagittal and meridional 

radii (179.7 mm and 2210.2 m), with respective figure errors of 30 and 3 μrad in these 

calculations. In Fig. 87 below, we have shown some of the deformed surfaces, as 

generated using SHADOW, for our toroidal mirror and the 1st crystal of the DCM when 

used to diffract photons of different energies. As mentioned above, the surfaces have been 

generated using the calculated values of slope errors (from FEA) that are given in Table- 

31. For comparison, we have also shown the surface with zero slope error that 

corresponds to an ideally undistorted surface. 
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     Ideal surface                                                 Deformed mirror 

 

 
       

 Deformed crystal (1.4 keV)                         Deformed crystal (2.1 keV) 

 

 

 
 

Deformed crystal (8.0 keV)                         Deformed crystal (15.0 keV) 

 

Fig.87: Ideal as well as deformed surfaces of mirror and crystals generated in SHADOW 
using slope error values from FEA analysis, at different photon diffraction energies. 
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From Fig.87, we find that a non-zero value of slope error results in the non-uniform 

displacement of the surface in its perpendicular direction. Towards the center of the 

surface the displacement is found to be maximum. This is equivalent to the case in the 

FEA study where the values of slope errors are estimated from displacements of the top 

surfaces of OEs. It is seen from Fig.87 that the ideal surface appears effectively flat and 

the amount of deformation increases when the 1st crystal of the DCM is scanned for lower 

diffraction energies. This is due to higher power densities intercepted by the crystal 

resulting in higher values of slope errors when diffracting lower energy photons. 

 

[A] Si (111) DCM (sagittally bent 2nd crystal) 

 

As in Sect.4.4, we will first evaluate the resolution (ΔE/E) and the flux (N) transmitted at 

the sample position by the thermally deformed 1st Si (111) crystal of the DCM (sagittally 

bent 2nd crystal) held at 30.0 m from the INDUS-2 BM source. These calculations have 

been done without considering any slits along the BL. The results of this study are 

summarized in Table-40. 

 

Table-40: Energy resolution and the flux transmitted at the sample position at different 
energies considering the thermal deformation in the 1st Si (111) crystal of the DCM. 
 

Photon flux (ph/s) 

E (keV) 
ΔE0 

(eV) 
I 

ΔE 

(eV) NS N 

FWHM spot 

size, H × V 

(mm2) 

ΔE/E 

(10-4) 

2.1 4 247.2 0.43 2.38 × 1013 9.40 × 1011 0.32 × 22.6 2.04 

4.0 10 644.6 2.71 1.12 × 1013 2.90 × 1012 0.34 × 17.0 6.77 

6.0 20 716.6 5.53 6.16 × 1012 3.53 × 1012 0.28 × 13.9 9.20 

8.0 30 727.2 8.50 3.68 × 1012 3.20 × 1012 0.27 × 11.8 10.6 

10.0 40 732.7 12.13 2.30 × 1012 2.69 × 1012 0.25 × 10.4 12.13 

12.0 50 717.6 15.59 1.48 × 1012 2.12 × 1012 0.23 × 9.3 12.99 

15.0 60 778.6 20.56 8.00 × 1011 1.50 × 1012 0.25 × 8.5 13.70 

 



 139

On comparing these values of N and ΔE/E with those in Table-13, we find that the 

thermal deformation in the 1st crystal of the DCM has resulted in a very small degradation 

(< 5 %) in both its resolution as well as the flux throughput. This may be due to the 

smaller values of slope errors obtained at all energies in this range as compared to their 

Darwin widths (see Table-31). On the other hand, a relatively higher value of slope error 

obtained for the crystal while diffracting low energy photons has led to an increase in the 

spot size by up to ~ 50 % in its horizontal direction. The vertical spot size has, however, 

shown negligible change. As the value of slope error decreases for higher energies, the 

spot size found to approach its ideal value obtained in the absence of deformations. 

Typically, the horizontal spot size is found to vary from ~ 0.32 to 0.25 mm as the energy 

is scanned from 2.1 to 15.0 keV. 

We will now introduce the entrance and exit slits of the DCM and study their effect 

on the resolution and flux throughput. For these calculations, we have fixed the values of 

these slit widths to those given in Table-15, which transmit ~ 5 × 1011 photons at the 

sample position for all energies in the ideal case. Given these slit widths, we have studied 

changes in the resolution and the BL throughput that may occur due to the deformation in 

the 1st crystal of the DCM. The results of this study are summarized in Table-41. 

 
Table-41: Values of entrance vertical slit width and the corresponding resolution that 
allows a fixed throughput of ~ 5 × 1011 photons at the sample position considering the 
thermal deformation in the 1st Si (111) crystal of the DCM at different energies. 
 

E (keV) I 
ΔE 

(eV) 

VS2 

(mm)

VS3 

(mm)

Photon flux at 

sample position, N 

(ph/s) 

 

FWHM spot 

size, H × V 

(mm2) 

ΔE/E 

(10-4) 

2.1 134.5 0.25 8.0 10.0 5.12 × 1011 0.34 × 12.0 1.20 

4.0 123.6 0.58 2.0 3.0 5.56 × 1011 0.28 × 3.0 1.44 

6.0 102.1 1.03 1.3 2.0 5.03 × 1011 0.20 × 1.9 1.71 

8.0 115.4 1.75 1.2 2.0 5.09 × 1011 0.19 × 1.7 2.19 

10.0 132.1 2.48 1.2 2.0 4.86 × 1011 0.20 × 1.8 2.48 

12.0 157.3 3.64 1.4 2.0 4.65 × 1011 0.19 × 2.1 3.03 

15.0 256.1 8.42 1.8 3.0 4.92 × 1011 0.24 × 2.6 5.61 
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Undistorted (2.1 keV)                (a)                  Deformed (2.1 keV) 

 

     
Undistorted (2.1 keV)               (b)                   Deformed (2.1 keV) 

 

 
Fig.88: Effect of crystal deformation on the (a) spot size and the (b) resolution at the 
sample position when diffracting 2.1 keV photons.  
 

n comparing these values of N and ΔE/E with those in Table-15, with the same vertical 

slit widths (VS2 and VS3), we find a negligible degradation in both its resolution as well as 

the flux throughput even in the presence of a thermally deformed 1st crystal of the DCM. 

Typically, the resolution is again found to vary from ~ 1.2 × 10-4 to 5.6 × 10-4 as the 

energy is scanned from 2.1 to 15.0 keV. About a 50 % increase in the horizontal spot size 

is still observed when the crystal is scanned at low energies. However, for higher 
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energies, as the value of the slope error decreases, the spot size begins to approach its 

ideal value obtained in the absence of deformations. The horizontal spot size is again 

typically found to vary from ~ 0.34 to 0.24 mm as the energy is scanned from 2.1 to 15.0 

keV. Importantly, since the resolution as well as the photon flux still lies within our 

design criteria, their values thus obtained are acceptable. 

 

 

      
Undistorted (8.0 keV)                 (a)                 Deformed (8.0 keV) 

 

       
Undistorted (8.0 keV)                (b)                  Deformed (8.0 keV) 

 

 
Fig.89: Effect of crystal deformation on the (a) spot size and the (b) resolution at the 
sample position when diffracting 8.0 keV photons.  
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In Figs.88 and 89, we give a visual comparison of the spot sizes and the resolution 

obtained with an ideal and a deformed 1st crystal of the DCM when used to diffract 2.1 

and 8.0 keV photons. 

 

As explained above, a higher value of slope error obtained for the crystal while 

diffracting low energy photons (2.1 keV) has resulted in the observed diffusion (increase) 

in the spot size as compared to those for higher energy photons (8.0 keV). Nevertheless, 

the values of slope errors being less than the crystal’s Darwin width, no significant 

change in the energy resolution is obtained between the ideal and the deformed case at 

these energies. 

 

[B] Mirror + Si (111) DCM (both crystals flat) 

 

We will now introduce the Pt-coated toroidal mirror at 20.0 m from the INDUS-2 BM. 

Besides its reflection characteristics, surface imperfections as well as its deformation due 

to INDUS-2 heat load are taken into account. With the mirror as the 1st optical element, 

we evaluate the resolution, spot size as well as photon flux at the sample position when Si 

(111) DCM (both crystals flat) is used. As the mirror is found to show absorption edges in 

the range 2.0 – 3.0 keV, we have considered only the energies in the range 4.0 – 8.0 keV 

for these calculations.  

 

Table-42: Energy resolution and the flux transmitted at the sample position by the 
thermally deformed toroidal mirror-Si (111) DCM combination at different energies. 
 

Photon flux (ph/s) 

E (keV) I 
ΔE 

(eV) NS N 

FWHM spot 

size, H × V 

(mm2) 

ΔE/E 

(10-4) 

4.0 456.1 2.67 1.12 × 1013 2.00 × 1012 0.70 × 0.54 6.67 

6.0 520.0 5.73 6.16 × 1012 2.56 × 1012 0.68 × 0.55 9.56 

8.0 494.9 10.25 3.68 × 1012 2.18 × 1012 0.67 × 0.55 12.81 

 

To begin with, we have not considered any slits along the BL except the slit pair HORIZ 

1 and VERT 1 that is located at 17.0 m from the BM source. As stated in Sect.4.4, the 

horizontal slit width is fixed at 51.0 mm, while the vertical slit width (VS1) is adjusted at ~ 
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8.4 mm so as to define the beam along the useful mirror length of ~ 1.1 m. The results 

obtained from this study are given in Table-42. 

On comparing these values of N and ΔE/E with those in Table-16, we do not find any 

significant change in both its resolution as well as the flux throughput even in the 

presence of a thermally deformed mirror and the 1st crystal of the DCM. However, the 

horizontal spot size is found to increase by up to 22 % from its ideal value obtained in the 

absence of any deformations, while the vertical spot size does not show any appreciable 

change in the energy range studied. 

 

We now introduce the entrance and exit slits of the DCM and study their effect on the 

resolution and flux throughput. As explained in Sect.4.4, we have fixed the values of 

these slit widths to those given in Table-17, which transmit ~ 5 × 1011 photons at the 

sample position for all energies. Given these slit widths, we have studied changes in the 

resolution and the BL throughput that may occur due to the deformation in the mirror and 

the 1st crystal of the DCM. The results of this study are summarized in Table-43. 

 

Table-43: Values of entrance vertical slit width and the corresponding resolution that 
allows a fixed throughput of ~ 5 × 1011 photons at the sample position considering the 
thermally deformed toroidal mirror-Si (111) DCM combination at different energies. 
 

E (keV) I 
ΔE 

(eV) 

VS2 

(mm)

VS3 

(mm)

Photon flux at 

sample position, N 

(ph/s) 

 

FWHM spot 

size, H × V 

(mm2) 

ΔE/E 

(10-4) 

4.0 118.7 0.89 1.5 1.2 5.34 × 1011 0.62 × 0.55 2.23 

6.0 105.7 1.61 1.1 0.8 5.20 × 1011 0.60 × 0.57 2.69 

8.0 120.0 3.10 1.3 1.0 5.30 × 1011 0.58 × 0.55 3.87 

 

Although we observe a significant improvement (~ 60 %) in the resolution when the 

entrance vertical slit width (VS2) is adjusted to transmit photon flux of ~ 5 × 1011 over the 

energy range 4.0 – 8.0 keV, its resolution and flux throughput hardly show any change 

from their ideal values obtained in the absence of deformations (see Table-17). Typically, 

the resolution is now found to vary from ~ 2.2 × 10-4 to 3.9 × 10-4 as the energy is 

scanned from 4.0 to 8.0 keV. However, these values are still not as better as the 
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corresponding values of ~ 1.4 × 10-4 and 2.2 × 10-4 obtained at 4.0 and 8.0 keV in the 

absence of mirror (see Table-41). Nevertheless, the values thus obtained are still 

acceptable as they lie well within our design criteria. Further, the use of entrance and exit 

slits has brought the increase in the horizontal spot size down to ~ 8.5 %.  

 

[C] Mirror + Beryl (10ī0) DCM (both crystals flat) 

 

Having studied and optimized the resolution and the BL throughput at the sample position 

for the case of Si (111) DCM, we now study the effect of slope errors on the spot size 

when a pair of beryl (10ī0) crystals is used as the DCM to diffract energies in the range 

0.8 – 2.0 keV. In this analysis, we will make a comparison between the ideal spot size (no 

deformations) and the one after incorporating the calculated deformation (slope errors 

from FEA) for the mirror and the 1st beryl crystal of the DCM. The results thus obtained 

are summarized in Table-44. 

 

Table-44: Comparison between the spot sizes obtained using an ideal and a thermally 
deformed mirror-beryl (10ī0) crystal combination at different energies. 
 

FWHM spot size, H × V (mm2) 
Energy, E (keV) 

Ideal Deformed 

0.8 0.58 × 0.55 7.62 × 1.71 
1.0 0.57 × 0.55 6.33 × 1.82 
1.4 0.57 × 0.55 4.00 × 1.82 
2.0 0.58 × 0.54 2.40 × 2.36 

 

From Table-44, spot sizes in both the horizontal and vertical directions are found to 

degrade (increase) significantly in the presence of deformations. In fact, the horizontal 

spot size is found to increase by as much as 13 times whereas, the vertical spot size 

increases to over 4 times its value obtained in the absence of any deformations. Such 

large changes in the spot sizes could be due to the very high values of slope errors 

characterizing large surface deformations in the beryl crystal under the influence of 

INDUS-2 BM heat load. 
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In Fig.90, we compare the effect of deformation of the 1st beryl crystal of the DCM on the 

ideal spot size obtained at 1.0 keV. To facilitate direct visual comparison, we have shown 

both these spots keeping the same X and Y scales. 

       
(a)                                                                            (b) 

 
Fig.90: Nature of the spot obtained at the sample position when using an (a) Undistorted 
and (b) a thermally deformed beryl crystal diffracting 1.0 keV photons. 
 

From Fig.90, we clearly see the diffusion of the spot in both the horizontal and vertical 

directions when deformation in the 1st crystal is taken into account. 

Further, using Eqn. 21, we evaluate and hence compare the values of resolution obtained 

in the ideal case with those calculated taking into account the deformation in the beryl 

crystal. To account for deformation, the values of slope errors have been incorporated 

into Eqn. 21 to estimate the resulting resolution. For these calculations, the angular width 

of the slit is taken as that corresponding to the FWHM of the incident photon beam 

intensity. The results of this study are presented in Table-45. 

 

Table-45: Comparison between the energy resolution obtained using an ideal and a 
thermally deformed mirror-beryl (10ī0) crystal combination at different energies. 
 

ΔE/E (10-4) 
Energy, E (keV) 

Ideal Deformed 

0.8 3.70 4.10 
1.0 7.24 9.50 
1.4 10.83 14.80 
2.0 14.20 21.60 
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From Table-45, we find a significant degradation in the resolution of the beryl DCM in 

the presence of thermal deformations. Typically, the resolution is found to degrade by ~ 

10 % at 0.8 keV to as high as 50 % while diffracting 2.0 keV photons. Such a large 

degradation in the resolution for beryl at higher energies could be due to large values of 

slope errors far exceeding its Darwin width, particularly above 0.8 keV. Typically, at 2.0 

keV, the estimated slope error for beryl is ~ 674.0 μrad, which is over 5 times its Darwin 

width of ~ 126.5 μrad. 

 

Such high values of slope error obtained for a thermally deformed beryl crystal thus not 

only results in the significant diffusion of the highly focused beam at the sample position 

but also degrades its resolution by over an order of magnitude (21.6 × 10-4) from its 

corresponding intrinsic value of ~ 3.0 × 10-4. The results thus obtained for a thermally 

deformed beryl crystal are highly unacceptable as they far exceed the limits of the design 

criteria of our XPS BL. 

 

Table-46: Energy resolution and the flux transmitted at the sample position by the 
thermally deformed collimating mirror-Si (111) DCM combination at different energies. 
 

Photon flux (ph/s) 

E (keV) I 
ΔE 

(eV) NS N 

FWHM spot 

size, H × V 

(mm2) 

ΔE/E 

(10-4) 

4.0 360.1 0.46 1.12 × 1013 1.62 × 1012 0.30 × 5.45 1.16 

6.0 453.4 0.89 6.16 × 1012 2.23 × 1012 0.23 × 5.40 1.48 

8.0 515.0 1.40 3.68 × 1012 2.27 × 1012 0.23 × 5.20 1.75 

10.0 546.4 1.95 2.30 × 1012 2.01 × 1012 0.22 × 4.97 1.95 

12.0 461.8 2.56 1.48 × 1012 1.36 × 1012 0.19 × 4.68 2.13 

15.0 385.1 3.48 8.00 × 1011 7.40 × 1011 0.23 × 4.31 2.32 

 

[D] Collimating Mirror + Si (111) DCM (sagittally bent 2nd crystal) 

 

Having studied and optimized the resolution and the BL throughput at the sample position 

for the case of toroidal mirror-DCM combination, we now study the effect of slope errors 
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on the BL throughput when an alternate design combination comprising a Pt-coated 

collimating mirror and a Si (111) DCM (sagittaly bent 2nd crystal) is considered. The 

results thus obtained are summarized in Table-46. A comparison of the flux (N) 

transmitted at the sample position by the ideal and thermally deformed OEs (collimating 

mirror and 1st Si crystal of the DCM) is given in Fig.91. 
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Fig.91: Comparison between the flux obtained at the sample position in the presence and 
in the absence of deformations in the collimating mirror-Si (111) crystal combination. 
 

From Table-46 as well as Fig.91, we find that the resulting thermal deformation in the 

collimating mirror as well as the Si crystal does not significantly affect the flux 

throughput of the BL under the influence of INDUS-2 BM heat load. Typically, the 

resolution is again found to vary from ~ 1.2 × 10-4 to 2.3 × 10-4 as the energy is scanned 

from 4.0 to 15.0 keV. However, ~ 40 % increase in the horizontal spot size is observed 

when the crystal is scanned at low energies (see Table-46.). For higher energies, as the 

value of the slope error decreases, the spot size begins to approach its ideal value obtained 

in the absence of deformations. The horizontal spot size typically varies from 0.30 to ~ 

0.23 mm as the energy is scanned from 4.0 to 15.0 keV. Importantly, this design 

combination is able to provide a high-resolution coupled with a high-flux throughput (~ 

1012 photons/s) in a wider energy range from 4.0 to 15.0 keV. Since the resolution as well 

as the photon flux lie within our design criteria, their values thus obtained are acceptable. 
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In Fig.92, we give a visual comparison of the spot sizes and the resolution obtained with 

an ideal and a deformed combination of collimating mirror and the DCM when used to 

diffract 4.0 keV photons. 

 

      
 

Undistorted (4.0 keV)                  (a)                 Deformed (4.0 keV) 

 

      
Undistorted (4.0 keV)                (b)                  Deformed (4.0 keV) 

 

Fig.92: Effect of deformation of the collimating mirror and the 1st Si (111) crystal on the 
(a) spot size and the (b) resolution obtained at the sample position when diffracting 4.0 
keV photons.  
 

From Fig.92, we find that the thermal deformation in the collimating mirror and the Si 

(111) crystal exposed to INDUS-2 BM heat load has resulted in a small diffusion in the 
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horizontal spot size. However, no appreciable change is observed in the corresponding 

energy resolution of the BL. 

 

We summarize our study of optimization of resolution and the throughput of our BL with 

the plots in Figs.93, 94 and 95. 
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Fig.93: Comparison between the energy resolution of the beamline (throughput of 5 × 
1011 photons) in the presence and in the absence of deformations in the Si (111) DCM and 
toroidal mirror-Si (111) DCM combinations. 
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Fig.94: Comparison between the energy resolution of the beamline in the presence and in 
the absence of deformations in the toroidal mirror-beryl (10ī0) DCM combination. 
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Fig.95: Comparison between the energy resolution of the beamline in the presence and in 
the absence of deformations in the collimating mirror-Si (111) DCM combination. 
 

In Fig.96, we give a comparison of the BL resolution obtained at the sample position for 

the three design combinations studied so far. 
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Fig.96: Comparison between the energy resolution of the beamline obtained for three 
different design combinations. 
 

From these figures, we find that the resulting thermal deformation in the Si crystal under 

the influence of INDUS-2 BM heat load does not significantly affect the BL resolution. 

However, due to the absorption properties of the toroidal mirror, a relatively larger BW is 

required to transmit the same number of photons (~ 5 × 1011 in this case) at the sample 

position than that needed in its absence (sagittal focusing). This has resulted in the 
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observed degradation in resolution when using mirror. Further, a large amount of thermal 

degradation in the beryl crystal has significantly degraded its resolution to unacceptable 

limits. On the other hand, the introduction of a collimating mirror has resulted in a 

significant improvement in the energy resolution of the BL while providing a much better 

throughput. 

 

We thus conclude that to achieve a fixed BL throughput (~ 5.0 × 1011 in our case) at a 

given energy, the Si (111) DCM (sagittally bent 2nd crystal) can be employed if a good 

resolution is desired, while the Si (111) DCM in combination with the toroidal mirror can 

be considered if a highly focused beam is required at the sample position, though at the 

expense of some resolution. However, if a high-resolution, high-flux BL throughput (~ 

1012 photons/s) is desired, a collimating mirror could be employed in combination with 

the Si (111) DCM (sagittally bent 2nd crystal). 

 

7.   PES beamline: A potential research tool 
 

Although the XPS technique based on conventional sources is one of the powerful 

analytical probes in surface science studies, it has posed severe problems in the 

investigation of the electronic and chemical states of bulk nanostructures and buried 

interfaces (at depths of ~ 10 nm) that is useful in the advancement of many semiconductor 

devices with wide range of possible applications. Moreover, due to the poor photoelectric 

cross-section of X-rays and the inability of conventional X-ray sources to resolve the 

valence levels, the uses of XPS valence band spectra are limited to mere fingerprinting 

and comparative studies to differentiate specimens having similar core lines. 

 

On the other hand, SR sources offer several advantages over conventional X-ray sources. 

For instance, the high photon flux from an SR source not only reduces the data 

acquisition times but could also significantly improve the signal to background ratio in 

certain experiments. The availability of highly collimated SR beams with tunable photon 

energy, and appropriately designed X-ray optics (such as the present beamline) allows 

one to choose the desired X-ray energy for conducting high-resolution experimental 

studies on a given specimen. The use of a 10 keV-source in an XPS technique, for 

instance, would increase the kinetic energy of emitted photoelectrons to up to 10 keV. At 
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this energy, the IMFP of electrons is known to exceed 10 nm for several materials. Thus, 

an intrinsic bulk-sensitive XPS probe can be realized by increasing the kinetic energy of 

photoelectrons by the use of hard X-rays that are readily available at SR facilities. 

 

Recently, the SR based XPS technique has been effectively utilized to differentiate 

between the electronic structures of the bulk and the surface as well as to chemically 

characterize buried layers (or other deep lying structures) interesting for certain device 

applications [68-71]. Further, the availability of high-brilliant SR sources coupled with a 

resolution of less than 0.1 eV obtained even for hard X-rays with energies > 5 keV, has 

extended the capability of the XPS technique not just to probe the bulk electronic 

structures of core levels but also to record the corresponding high-resolution valence band 

spectra of solids [72-74]. A few research groups recently exploited these features by 

applying the SR based XPS technique to many kinds of materials that are interesting from 

the point of view of both basic and applied research [75,76]. These include transparent 

conducting films of indium-oxide-based materials, amorphous silicon (Si), plasma-doped 

ultra thin junctions in Si for drain and source regions in Si-LSI, Ga2Sb5Te2 thin films for 

digital versatile discs, mesoscopic-structured platinum (Pt), electrode layers in lithium 

(Li) solid-state batteries, etc. Their work clearly indicates a wide range of applications for 

the XPS technique using SR, and these include depth-resolved electronic structure, buried 

layers, interfaces, ultrashallow junctions and the bulk electronic structure of strongly 

correlated electron systems. The technique is thus likely to make significant contributions 

in the frontier areas of solid-state physics, materials science, nanoscience and technology, 

polymer chemistry, biophysics, etc. For a general overview of the PES technique at both 

low and high photon energies, see Ref. [77]. 

 

The growing significance and versatility of the SR source-based XPS technique to 

address important issues in both basic and applied sciences is encouraging the scientific 

community to design and develop hard X-ray PES beamlines at different SR facilities 

around the world, and is a clear evidence of the emergence of this technique as a potential 

research tool.  
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Conclusions 
 

In this report, we have studied and designed an X-ray photoelectron spectroscopy (XPS) 

beamline (BL-14) for one of the bending magnets (BM-6) at the 2.5 GeV, 3rd generation 

INDUS-2 synchrotron radiation (SR) source under commissioning at the Raja Ramanna 

Centre for Advanced Technology, Indore. The beamline (BL) extends up to 40.0 m in 

length, and has been designed based on certain criteria such as its working energy range 

(0.8 – 15.0 keV), the resolution (~ 10-4), the flux throughput (1010 – 1011), and the 

requirement of a focused beam at the sample position. 

 

The effect of INDUS-2 heat load on the deformation of these optical elements (OEs) has 

been studied using an FEA code, ANSYS. It has been found that maintaining a sufficient 

cooling-water flow rate is essential to ensure steady and useful performance from these 

OEs. An indirect cooling scheme comprising a water-cooled Cu block, plate or a Cu pipe 

in thermal contact with these OEs has been considered for the calculations. For efficient 

heat transfer, we have considered the flow rate in the turbulent regime. The thermal 

deformation in the OEs has been found to depend on their thickness, distribution and the 

absorption of heat load, water flow rate as well as the type of cooling geometry used. A 

circular cooling geometry consisting of Cu pipes running along the length of the mirror 

from its sides has been found to provide acceptable values of slope errors of ~ 1.4 and 

15.7 μrad in its tangential and sagittal directions respectively even at lower flow rates of 

1.0 l/min. Accordingly, the side cooling geometry consisting of a series of Cu metal pads 

held onto both sides of the mirror, and to which a bent Cu pipe is brazed for water-

cooling, has also been fabricated for our toroidal mirror at SESO, France. 

 

In order to simulate realistic deformation taking place in the 1st crystal of the DCM, the 

absorption of INDUS-2 BM heat load within the crystal thickness has been evaluated 

(using codes XOP and SPECTRA), and suitably taken into account in our FEA 

calculations. The resulting thermal deformation in the crystal has been found to decrease 

with decreasing crystal thickness. While the 8.0 mm thick Si crystal has shown acceptable 

values of slope errors (≤ 50 % of Darwin width), a 1.0 mm thick beryl crystal exhibited 

values that exceeded as much as 5 times its Darwin width even when set at its highest 

diffraction energy of 2.0 keV. A very low thermal conductivity of ~ 4.0 W/m-°C for beryl 
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as compared to the corresponding high value of 150.0 W/m-°C for Si is believed to be the 

cause for such high deformations in the beryl crystal on exposure to INDUS-2 heat load. 

 

As they encounter maximum power densities of ~ 33.0 W/cm2 at normal incidence, heat 

load calculations have also been performed for the 1st and 2nd pair of horizontal and 

vertical slits. The thermal deformation in these slits, as characterized by the expansion of 

their knife-edges in a direction perpendicular to their (knife-edge) lengths, has been found 

to decrease with increasing slit thickness. However, due to the observed decrease in the 

cooling efficiency for higher thickness, a 4.0 mm-thick slit has been considered as an 

optimum choice. Further, a maximum deformation of ~ 26.6 μm has been obtained for the 

vertical slit at a cooling water flow rate of 1.5 l/min. This value has been regarded as 

acceptable, considering that our minimum entrance vertical slit width value is ~ 1.1 mm. 

Moreover, the fact that our horizontal slit widths are ~ 10’s of mm, the corresponding 

deformation of ~ 12.7 μm obtained for the horizontal slit has been easily accepted. 

However, in the case of an accidental stoppage of water flow, the deformation in the 

vertical slit has been found to attain unacceptable values (~ 199.0 μm) that amounts to its 

closure by ~ 36 %, thereby leading to a significant loss of photons at the sample position. 

 

FEA calculations have also been performed for the beam stopper (BS) held at 8.0 m from 

the BM source, facing the highest power density of ~ 150.0 W/cm2. It has been found 

necessary to maintain a sufficient cooling-water flow rate so as to prevent the material of 

the BS (Cu) from melting that would occur in the absence of water-cooling. When 

appropriately water-cooled, its maximum surface temperature has been found to decrease 

with increasing thickness. However, due to the observed decrease in the cooling 

efficiency for higher thickness, a 6.0 mm-thick beam stopper has been considered as an 

optimum choice. Further, the flow rate of 2.0 l/min, which gives maximum temperatures 

of ~ 73.7 °C and 60.8 °C respectively for stopper surface and flowing water, has been 

considered as an optimum choice. 

 

The effect of such thermal deformations and other imperfections in OEs on the resolution, 

spot size and throughout of the BL at its sample position has been studied using a coupled 

FEA-ray-trace analysis. For this purpose, the deformed surfaces of these elements have 

been generated in the ray-trace program SHADOW using their slope error values, 



 155

characterizing the amount of deformation, obtained from FEA calculations. The values of 

slope errors obtained for Si being less than its Darwin width (≤ 50 %) in the energy range 

between 2.1 and 15.0 keV, no significant degradation is observed in its resolution in this 

energy range. Typically, the resolution has been found to vary from ~ 1.2 × 10-4 to 5.6 × 

10-4 when the entrance vertical slit width is adjusted to allow ~ 5.0 × 1011 photons at the 

sample position in the scan energy range from 2.1 to 15.0 keV respectively. However, a 

relatively higher value of slope error obtained for Si when set to diffract lower energy 

photons than the higher energy ones, has led to a diffusion (increase) in the horizontal 

spot size by ~ 50 % at lower energies. When used with mirror as the 1st OE, the resolution 

is found to degrade from ~ 1.4 × 10-4 and 2.2 × 10-4 obtained in its absence to ~ 2.2 × 10-4 

and 3.9 × 10-4 as the energy is scanned between 4.0 and 8.0 keV. The observed 

degradation could be due to the absorption properties of the mirror that gives rise to a 

relatively larger BW so that the same number of photons (~ 5 × 1011) is transmitted at the 

sample position. Nevertheless, since the resolution and the flux throughput lie within our 

design criteria, their values thus obtained have been accepted. However, with mirror, a 

highly focused beam of ~ 0.57 × 0.57 mm2 is obtained as against ~ 0.20 mm obtained 

only in the horizontal direction at the sample position with a sagittally bent 2nd crystal. On 

the other hand, the use of an alternate design combination comprising a Pt-coated 

collimating mirror (θg = 5.0 mrad) in place of a toroidal mirror, followed by a Si (111) 

DCM (sagittally bent 2nd crystal) has resulted in a significant improvement in the energy 

resolution of this system coupled with a high-flux throughput (~ 1012 photons/s). 

Typically, its resolution has been found to vary from ~ 1.2 × 10-4 to 2.3 × 10-4 as the 

energy is scanned from 4.0 to 15.0 keV respectively. 

 

On the other hand, the large deformations obtained for beryl crystal under INDUS-2 heat 

load has not only led to a significant degradation in its resolution but also resulted in a 

large diffusion of the spot size beyond acceptable limits. Typically, the spot size has been 

found to increase by as much as 13 and 4 times respectively in the horizontal and vertical 

directions. Further, the resolution has degraded from ~ 3.7 × 10-4 and 14.2 × 10-4 obtained 

in its undeformed state to ~ 4.1 × 10-4 and 21.6 × 10-4 as the energy is scanned between 

0.8 and 2.0 keV for a thermally deformed beryl crystal. 
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We thus conclude that the use of beryl crystal, at a high beam operating current such as 

300 mA, is very limited as it is most likely to undergo severe deformations under the 

influence of INDUS-2 heat load, thereby resulting in an unacceptable degradation in both 

its resolution and spot size at the sample location. However, the crystal could be 

employed when the source is operated at low beam currents, typically ~ 10 mA. On the 

other hand, the deformations in the 1st Si (111) crystal and the Pt-coated toroidal mirror 

lie well within the acceptable limits; as a result of which the values of resolution and flux 

throughput obtained at the sample position in their working energy range 2.1 – 15.0 keV 

have always been found to satisfy the design criteria of our BL. Particularly, if a good 

resolution is desired, for a fixed BL throughput of ~ 5.0 × 1011 at all energies in the range 

2.1 – 15.0 keV, the Si (111) DCM (sagittally bent 2nd crystal) can be employed, while the 

Si (111) DCM in combination with the toroidal mirror can be considered if a highly 

focused beam is required at the sample position, though at the expense of some 

resolution. However, if a high-resolution, high-flux BL throughput (~ 1012 photons/s) is 

desired, a collimating mirror could be employed in combination with the Si (111) DCM 

(sagittally bent 2nd crystal). 
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