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 and intensity~10
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 ph/s at the sample position. A 

toroidal mirror is used to focus the diverging monochromatic light from the monochromator at a 

distance of 150 cm with a 1:1 magnification. 

 

As the first step towards the beamline optics design, the evaluation of the PPM 

undulator radiation characteristics relevant to beamline design has been performed using the 

Indus-2 SRS parameters in the long straight section of the ring, PPM undulator parameters, and 

the empirical expressions available in literature. The software resources such as XOPS, ESRF, 

France and SPECTRA, Photon factory, Japan have been used for detailed modelling and 

verification of the empirical computations. Beamline layout preparation, optimization, imaging 

performance evaluation, and resolving power calculations for ideal beamline optics are carried 

out using SHADOWVUI, an extension of XOPS software resource. 
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proposed to satisfy the different optical design considerations such as constraints from Indus-2 

source, space in the experimental hall etc. This orientation even after using higher grazing 
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method on the optical elements prior to varied line spacing plane gratings is presented to 

calculate temperature distribution, and slope error on the surfaces after considering appropriate 

cooling strategy. The BESSY ray trace program RAY has been used for counterchecking the ray 

tracing simulation results obtained using SHADOW and further to find the effect of surface 

imperfections (due to thermal as well as technology limited) on the resolution and imaging 

properties of the beamline.  The details of the methodology, results and analysis carried out to 

prepare and optimize the beamline layout, imaging properties, attainable resolution, intensity at 
the sample position, and the effect of imperfections on the beamline performance and the final 

specifications of the beamline optical components are presented in this report. 
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साराशं 

पर्स्तुत िरपोटर् म परमाणु, आिण्वकएवं भौितकी पर्भाग, बीएआरसी ारा परमाण,ु आिण्वक एवं पर्कािशकी 

िवज्ञान (एएमओएस) म अनुसंधान हतेु 6-250eV की ऊजार् शर्ेणी म फोटोन उत ्पर्ेिरतपर्िकर्या म कई नए 

अनुसंधान अवसर उपलब्धकराने हतेु एक समिपत UV-VUV एवं साफ्ट एक्स-िकरण 

िकरणपुंजकापर्स्ताविकया गया ह ै। अभी तक इस के्षतर् का रा ीयएवंअंतरार् ीय स् तर दोन  पर बहुत ही कम 

उपयोग िकया गया ह ै। यह िकरणपंुज इण्डस-2 िसकर्ोटर्ॉन िविकरण सर्ोत, जो आरआरकेट, इन्दौरभारत म 

2.5GeVका तीसरी पीढ़ी का इलेक् टर्ॉनभंडारण वलय ह,ै पर अनूडूलटेर आधािरत 

प्लानरपरमानटमेग् नेट(PPM) का उपयोग करेगी, तथाAMOSअनुसंधान के िलए अिधक पर्गत और 

अनवरत अंवेषणके िलए कई अवसर पर्दान करने की संभावना ह ै। 6 से 250eVऊजार् शर्णेी को कवर करने 

तथा ~104की िवभेदन शिक्त एवं~1012ph/sकी तीवर्ता पर्ा करनेके िलए इसम एक वेिरड लाइन स् पेिसग 

प् लेन गर्ेिटग मोनोकर्ोमेटर, टोरोयडल फोकिसग िमररएवं चार अंतपर्िरवतर्नीय गर्ेिटग् सका उपयोग िकया 

गया ह ै ।AMOSअनुसंधानके पर्ी-फोकिसग के रूप म प्लेन िमरर और टोरोयडल िमरर को पर्यकु्तिकया ह ै

।टोरोयडल िमरर का उपयोग 150 सेमी की दरूी पर 1:1 के आवधर्न के साथ मोनोकर्ोमेटर से अपसारी 

मोनोकर्ोमेिटक पर्काश को केिन्दर्त करने के िलए िकया जाता ह ै। 

बीमलाइन पर्कािशकी िडजाइन की िदशा म पहले कदम के रूप म, बीमलाइन िडजाइन से संब  पीपीएम 

अनडूलेटर िविकरण कामूल्यांकनवलय के लंबे सरल भाग म इण्डस-2 एसआरएस, पीपीएम अनडूलेटर एवं 

िलटरेचर म उपलब्धआनुभिवकमापदडंो का उपयोग करके िकया गया । आनुभिवकगणना  का 

िवस्  तृतमाडिलग एवं सत्यापनXOPS, ESRF-फर्ांस एवं स्पेकटर्ा-फोटॉनफेक्टर्ी, जापान जैसे सॉफ्टवेयर 

संसाधन  का उपयोग करके िकया गया । आदशर् बीमलाइन पर्कािशकी के िलए बीमलाइन अिभन्यास, 

इष् टतमीकरण, पर्ितिबबनिनष्पादन, मूल् यांकन एवं िवभेदन शिक्त गणना  का िनष्पादनशेडोवुल-

XOPSसॉफ्टवेयर संसाधन  का उपयोग करके िकया गया ह ै। 

इण्डस-2 सर्ोतकी बाध्यताय और पर्योगात्मकहॉल म स्थान-उप्लब्धता आिद जैसे िविभ कारक  पर िवचार 

करने केउपरांत ही मोनोकर्ोमेटरम पर्कािशकी घटक  के िलये नयी माउंिटग का पर्स्ताव िकया गया ह ै। यह 

अिभिवन्यास, पर्कािशकीतत्  व परउच्  चतरगर्िजग एंगल  का उपयोग करके, बीमलाइन एवं पर्योगात्मक 

स् टेशन कीसुिव धाजनकऊंचाई और बीमनाइन की कुल लंबाई को न्यूनतमकरके सपल पोजीशन पर िवभेदन 

शिक्त और तीवर्ता म िबना िकसी बदलाव के रखा गया । वेिरड लाइन स्पेिसग प् लेनगर्ेिटग ्ससे पूवर् पर्कािशकी 

तत्  व पर सीिमत तत्वपर्िविधका उपयोग करके तापीय भार िवश् लेषण पर्स् तुत िकया गया जो 

उपयुक्तशीतलन युिक्त पर िवचार करने के बाद सैम्पल सतह परस्लोपएरर तथा तापकर्म िवतरण की गणना 



करता ह ै। शडेो का उपयोग करके पर्ाप् तरे टेर्िसग िसमलुेशन पिरणाम को पर्ितपरीक्षण के िलए बेसीिकरण-

अनुरेखण पर्ोगर्ाम “रे” को पर्युक्तिकया गया तथा बाद म बीमलाइन के िवभेदन तथा पर्ितिबबन गणुधम  पर 

पृ तर्ुिट (तापीय तथा सीिमत पर्ौ ोिगकी के कारण) के पर्भाव की जांच की गई । इस िरपोटर् म सपल 

पोजीशन पर बीमलाइल अिभन्यास, पर्ितिबबन गुणधमर्, पर्ाप्यिवभेदन, तीवर्ता को अनुकूल बनाने तथा 

तैयार करने हतेु कायर्पर्णाली, िनष्  कषर्एवंिवश्  लेषण िवस् तृत रूप से िकया गया तथा इस िरपोटर् म 

बीमलाइन पर्कािशकी घटक  का फाइनल िविशष ्टीकरणएवं बीमलाइन िनष ्पादनपरतर्ुिटय  के पर्भाव को 

पर्स्तुतिकयागया ह ै। 

  



Abstract 
A dedicated UV-VUV and soft X-ray beamline to provide several new research 

opportunities in Photon induced processes in energy range of 6-250eV for Atomic Molecular 

and Optical Science (AMOS) research, a domain still less explored both at national as well as 

international level, is proposed by Atomic & Molecular Physics Division, BARC. This 

beamline uses a planar permanent magnet (PPM) undulator based on Indus-2 Synchrotron 

Radiation Source (SRS), a 2.5GeV third generation electron storage ring at RRCAT, Indore, 

India and is expected to offer a variety of opportunities for more advanced and sustained 

investigations for AMOS research. A plane mirror and a toroidal mirror are used as the pre-

focusing optics of AMOS beamline. A varied line spacing plane grating monochromator 

(VLSPGM) in a converging beam, constant included angle mode containing one toroidal 

focusing mirror and four interchangeable gratings is to be used to cover the energy range of 6 

to 250eV and obtain resolving powers ~104 and intensity~1012ph/s at sample position. A 

toroidal mirror focuses the diverging monochromatic light from monochromator at a distance 

of 150 cm with a 1:1 magnification. 

As the first step towards beamline optics design, evaluation of the PPM undulator 

radiation characteristics relevant to beamline design is performed using Indus-2 SRS 

parameters in the long straight section of the ring, PPM undulator parameters and the 

empirical expressions available in literature. Software resources such as XOPS, ESRF, 

France and SPECTRA, Photon factory, Japan have been used for detailed modelling and 

verification of empirical computations. Beamline layout preparation, optimization, imaging 

performance evaluation and resolving power calculations for ideal beamline optics are carried 

out using SHADOWVUI, an extension of XOPS software resource.  

       A new mounting of optical components in the monochromator is proposed to 

satisfy different optical design considerations such as constraints from Indus-2 source, space 

in experimental hall etc. This orientation even after using higher grazing angles at optical 

elements keeps beamline and experimental station at convenient height and minimizes total 

length of beamline without compromising resolving power and intensity at sample position. 

Thermal load analysis using finite element method on optical elements prior to varied line 

spacing plane gratings is presented to calculate temperature distribution and slope error on 

surfaces of optical components after considering appropriate cooling strategy. BESSY ray 

trace program RAY is used for counterchecking ray tracing simulation results obtained using 

SHADOW and further to find effect of surface imperfections (due to thermal as well as 



technology limited) on resolution and imaging properties of the beamline. Details of 

methodology, results and analysis carried out to prepare and optimize beamline layout, 

imaging properties, resolutionattainable, intensity at sample position, effect of imperfections 

on beamline performance and final specifications of the beamline optical components are 

presented in this report. 
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1. Introduction 

 In Atomic Molecular and Optical Science (AMOS) research, synchrotron radiation 

offers unique possibility to tune the excitation energy in optical or photoelectron processes so 

as to optimally probe loosely bound valence electrons (~10 eV) up to tightly bound core 

levels. The studies include ionization energies in gas and condensed phase, their shifts in 

environments, potential energy curves and energy-dependent cross sections over extended 

energy ranges in ground state as well as in higher excited states and optical properties of 

materials. In addition to static properties determining energetic structure of systems, 

dynamical processes such as relaxation and energy transfer processes in atoms, molecules 

and radicals using VUV and soft X-ray are receiving tremendous attention. These studies 

originating from interaction between light and electronic charge are the basis for further 

developments and refinements of theoretical models. Experimental validation of the models 

representing different mentioned processes helps to fine tune theoretical models further. To 

make experimental efforts such as studies involving excitation of valence, intermediate core 

electrons facilities a reality, light sources capable of delivering photon intensities as high as 

possible, monochromators capable of giving high resolving powers at high intensities and 

experimental stations to conduct these studies are extremely important. 

 At present, to conduct AMOS research, three beamlines with different resolving 

powers and intensities are operating in which a variety of experiments are carried out 

routinely at Indus-1
1
, a 450 MeV synchrotron radiation source (SRS) at RRCAT, Indore. 

These beamlines can work in high & medium resolution mode in the energy range of 6-25 

eV
2-6 

or high intensity & low resolution mode in the energy range of 10-300 eV
7-8

. Using 

these beamlines vibrationally resolved photoabsorption, photoionization and 

photofragmentation spectroscopy studies in gas phase, optical reflectivity and low 

temperature spectroscopy of molecular species in solid phase are preformed. However a 

beamline capable of delivering photons with  high intensity and high resolution 

simultaneously to study photon induced processes involving valence, intermediate and core 

electrons of atoms and molecules (from soft X-ray down to ultraviolet energies) is not 

available as required for Atomic, Molecular and Optical Science research community in 

India. To explore the possibility of such a beamline, a literature survey is carried out to study 

different UV-VUV to soft X-ray beamlines available in different synchrotron radiation 

facilities around the world. Survey indicates the availability of many beamlines with a 

working range of energies falling in the band of 5-1000 eV, resolving powers ~10
3
-10

6
 and 
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intensities in the range of 10
8
-10

13
 for this field of research

9-20
. A bird‟s eye-view of 

beamlines and experimental programs on such beamlines are described further. 

 DESIRS is an undulator-based VUV beamline on the 2.75 GeV storage ring SOLEIL 

(France) optimized for gas-phase studies of molecular and electronic structures, 

reactivity and polarization-dependent photo-dynamics on model or actual systems 

encountered in the universe, atmosphere and biosphere. The photon source is a 10 m-

long pure electromagnetic variable-polarization undulator producing light from near 

UV up to 40 eV on the fundamental emission. A 5.65 m Eagle off-plane normal-

incidence monochromator equipped with four gratings having different groove 

densities helps in achieving resolving powers~ 124000 around 21 eV and 250000 

around 13 eV, while typical measured flux is in 10
10

–10
11

 photons/s range in a 

1/50000 bandwidth and 10
12

–10
13

 photons/s in a 1/1000 bandwidth. All of these 

features make DESIRS a state-of-the-art VUV beamline for spectroscopy and 

dichroism open to a broad scientific community.  

 Gas-phase photoemission beamline at Elettra, Trieste Italy is designed for angle-

resolved photoemission spectroscopy and electron-electron coincidence spectroscopy 

experiments with high-resolution and high-flux synchrotron radiation. It consists of an 

undulator source, variable-angle spherical-grating monochromator and two 

experimental stations that can be connected alternately. The design value of energy 

range is 20 to 800 eV with a specified resolving power of over 10000. 

 The Advanced Light Source U8 beamline extends from 20-300 eV, with a 4.5 m long 

undulator followed by two spherical collecting mirrors, an entrance slit, spherical 

gratings having an l5° deviation angle, a moveable exit slit and refocusing and 

branching mirrors. U8 beamline is planned for experiments involving photoelectron 

spectroscopy of gaseous atoms and molecules, spectroscopy of ions and actinide 

spectroscopy with high intensity of 10
12

 photons/s, at a high resolving power of 

10000. 

 A bending magnet VUV beamline has been developed for study of thermo-chemical 

properties and kinetics (e.g. heats of formation and reaction rates) at Swiss Light 

Source. Photons in energy range of 5–30 eV can be used to excite electrons of valence 

shell and to trigger photoionization and photodissociation.  At a resolving power of 

10
4
 (i.e. 1 meV at 10 eV), photons in this energy range can access rotational levels of 

small molecules and vibrational levels of medium-sized molecules. In addition, 
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analysis of dissociative photoionization products can be used to derive formation 

enthalpies with a precision of 0.1 kJ/mol, approximately one order of magnitude more 

precise than obtained with conventional calorimetry. VUV beamline works with three 

optical elements, the first is a collimating mirror followed by a monochromator plane 

grating and a refocusing mirror. These three elements form a constant deviation angle 

monochromator. 

 At National Synchrotron Radiation Laboratory, University of Science and Technology 

of China, an atomic and molecular physics beamline with an energy range of 7.5–124 

eV has been constructed for studying spectroscopy and dynamics of atoms, molecules 

and clusters. This undulator-based beamline, with a high-resolution spherical-grating 

monochromator (SGM), is connected to atomic and molecular physics end-station. 

This end-station includes a main experimental chamber for photoionization studies 

and an additional multi-stage photoionization chamber for photo-absorption 

spectroscopy. A mid-photon flux of 5x10
12

 photons/s and a high resolving power is 

provided by this SGM beamline in this energy range. 

 A new soft X-ray, 50–1500 eV, beamline has been constructed at a bending magnet 

station at Photon Factory in order to perform photoemission spectroscopy (PES), X-

ray absorption fine structure (XAFS), photoelectron diffraction (PED) and X-ray 

magnetic circular dichroism (XMCD) experiments in surface chemistry. 

Approximately 10
11

 photons/s can be obtained with a medium resolution 

(E/ΔE~1000), while E/ΔE~8000 can be attained at the N K-edge with a photon flux of 

10
9
 photons/s. Hettrick-type optics were adopted, which consist of a spherical mirror 

and plane varied-line-spacing gratings.   

 Variable line spacing plane grating monochromator beamline at Canadian Light 

Source (CLS) employs three grazing incidence variable line spacing gratings to cover 

a photon energy range of 5-250 eV. It uses a 185 mm period length planar permanent 

magnet insertion device as photon source, sharing a straight section with another Soft 

X-ray beamline at the CLS. A resolving power of over 40,000 for photons in low 

energy region and >10,000 for a wider energy range, 8-200 eV, can be achieved. A 

photon flux up to 2 x 10
12

 photons/s/100 mA with slit settings of 50μ has been 

measured. 
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 A varied line-spacing plane grating monochromator is used in undulator beamline 

BL-19B of the Photon Factory. Largest resolving power obtained from ray tracing is 

estimated to be 4600 at photon energy of 1239.85 eV and 10000 at 91.2 eV. 

 VUV/soft X-ray undulator beamline (BL3) at the Siam Photon Laboratory employs a 

varied line-spacing plane grating monochromator which operates in two constant-

included-angle configurations to cover two photon energy ranges of 40–160 eV and 

220–1040 eV. Two branch lines were designed for photoemission electron 

microscopy and photoemission measurements. 

 A bending magnet beamline at the Advanced Light Source (ALS) is designed to 

operate on a third generation synchrotron light source in the energy range 50–1300 

eV. It was constructed for characterization of optical elements (mirrors, gratings, 

multilayers, detectors, etc.) but has capabilities for a wide range of measurements in 

other fields, in particular materials science and atomic physics. Optical system 

consists of a monochromator, a reflectometer, a three mirror order suppressor and 

horizontal and vertical focusing mirrors to provide a small spot on sample. 

Monochromator is a varied line spacing, plane grating (VLS-PGM) design in which 

mechanically ruled grating operates in converging light from a spherical mirror 

working at high demagnification. 

 Varied Line Spacing Plane Grating Monochromator (VLSPGM) at Saga‐ring consists 

of three focusing mirrors and one grating to suppress higher order and stray light in 

wide energy range by changing the deflection angle. Calculated resolving power with 

slit widths of 10 and 20 μm was more than 5000 and 2000 with photon flux of more 

than 1×10
10

 and 6×10
10

 photons/sec/300mA, respectively. 

 Survey of such existing synchrotron radiation beamlines carried out, based on latest 

technology advances and comparison of different types of monochromators led to the 

conclusion that beamlines based on undulators and varied line spacing (VLS) grating 

monochromators are extremely useful in obtaining high resolution and high intensity required 

for Atomic Molecular and Optical Science experimental research. Keeping these 

requirements in mind, a dedicated UV-VUV and soft X-ray beamline for AMOS research 

capable to give high resolving powers (~10000) and intensities (≥10
12

 photons/sec) in energy 

region of 6-250 eV is proposed by Atomic and Molecular Physics Division, BARC, Mumbai 

using a planar permanent magnet (PPM) undulator based synchrotron light source at Indus-2. 

This undulator capable of delivering flux~10
15

 with reduced beam size and divergence will 
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be installed in long straight section (LS-2) of storage ring.  Major applications of the 

beamline will be: 

1. Study of highly electronically excited species of molecules  essential to explore and 

understand process of interaction of VUV radiation with atoms and molecules 

required to provide a deep insight of the molecular geometries, electronic state 

ordering and pre-dissociation mechanisms. 

2. To obtain spectroscopic information for molecular systems in VUV region to provide 

a valued data base for atmospheric studies
21

.  

3. Photo absorption
22

 of UV radiation studies on series of atmospheric trace gases and 

radicals important to improvise their physical and chemical properties.   

4. Electronic spectral studies of valence and Rydberg states
23

 and their interactions to 

resolve diverse issues related to Rydberg states, super excited and autoionized states.  

5. Photochemistry of molecules trapped in inert gas matrices
24

 at cryogenic temperatures 

for providing important characteristics on chemical properties and reactivity of 

molecules at low temperatures and UV synthesis leading to exotic molecular species 

within multilayers.  

6. Study of molecular dynamics of clusters
25

 and related photon interaction processes 

such as Coulomb explosion
26

. 

 In addition, this beamline will provide several new research opportunities in photon 

induced processes in this energy range in solid phase to study nano-materials, nano-

phosphors, radiation damage on bio-molecules etc. 

 This report deals with details of optical design of undulator based beamline in 

different sections. Section 2 gives modeling of undulator light source, evaluation of radiation 

characteristics required from beamline design perspective and its comparison with Indus-1 & 

Indus-2. Beamline optics and its design considerations are dealt in Section 3, apart from 

reasoning behind considering each optical element required to perform a desired function. 

Section 4 deals with AMOS beamline optical layout, resolution and imaging properties 

evaluated using ray tracing programs SHADOW and RAY. Section 5 gives formulation of 

thermal loading, its effect on beamline mirrors & slits, finite element analysis of the thermal 

gradients, corresponding slope errors and cooling strategies adapted to minimize the 

thermally induced slope errors. Section 6 presents conclusions, final detailed specifications of 

the beamline optics and future scope of the work. 
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2. Light source for AMOS beamline 

 To look in to possibility of developing a beamline with high resolution and high 

intensity, to start with, requires a comparative study of available background light sources. 

For this purpose, using parameters of Indus-1 and Indus-2, light output characteristics are 

evaluated. Subsequently radiation characteristics of permanent magnet (PPM) undulator 

based on Indus-2 have been evaluated in detail and are compared with Indus-1 and Indus-2. 

2.1 Indus synchrotron radiation facility 

The Indus radiation facility
1, 27-29

 with two storage ring facilities, namely Indus-1 and 

Indus-2, is shown in Fig. 1. They have a common injector system with microtron as pre-

injector in which electrons are accelerated to 20 MeV and are transferred through transfer 

line-1 (TL-1) to booster synchrotron in which electrons can be accelerated up to 700 MeV. 

Circumference of Booster synchrotron is 28.45 m. It uses a separated function magnetic 

lattice consisting of six super periods, each having a bending magnet and a quadrupole 

doublet.  During injection to Indus-1, electrons in booster synchrotron are accelerated up to 

450 MeV and then are transferred through transfer line-2 (TL-2) to storage ring where 100 

mA current is stored. During injection to Indus-2, electrons in booster synchrotron are 

accelerated up to 550 MeV and then are transferred through transfer line-2 (TL-2) and 

transfer line-3 (TL-3) to Indus-2 storage ring and are stored.  Energy of injected 550 MeV 

electrons is subsequently ramped up to 2.5 GeV and 300 mA beam current can be stored in 

Indus-2. 

2.1.1. Indus-1 

Indus-1 with a critical wavelength of 61 Å will mainly provide synchrotron radiation 

in VUV region of electromagnetic spectrum. It is a small storage ring having a circumference 

of 18.96 m. Magnetic lattice of ring has four super periods each consisting of a dipole magnet 

with a field index of 0.5 and two pairs of quadrupole doublets. Each super period has a 1.3 m 

long straight section. An injection septum, injection kicker and RF cavity are installed in 

straight section S1, S3 and S4 respectively. A provision for installation of wiggler is available 

in S2. To correct natural chromaticity, a pair of sextupoles is used in each super-period. 

2.1.2. Indus-2 

 Indus-2 with a critical wavelength of 3.8 Å from bending magnets is designed to cater 

to needs of X-ray users. This ring has long straight section in which undulators and high field 

wigglers are planned for installation. Storage ring of Indus-2 consists of eight unit cells each 

providing a 4.5 m long straight section.  Each unit cell contain two 22.5 degree bending 
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magnets, a triplet of quadrupole for control of dispersion in achromat section, two quadrupole 

triplets for adjustment of beam sizes in long straight sections and four sextupoles in achromat 

section for correction of chromaticities. One of the straight sections is used for beam 

injection, two for RF cavities and remaining five for insertion devices. 

 

Fig. 1: Indus Synchrotron Radiation Source 

A flux comparison of two storage ring sources is shown in Fig. 2. As can be seen 

from Fig. 2 that for energy region of our interest i.e. 6-250 eV, flux

in Indus-1 and Indus-2 is of the order of 10
12

 and 10
13

 photons/sec/0.1%BW respectively. 

This flux is not sufficient to achieve required resolution and intensity for advanced 

experimental programs of Atomic, Molecular and Optical science using this new beamline. 

Larger effective photon source size and divergence of these second and third generation 

sources (bending magnet based Indus-1 & Indus-2) makes it impossible to achieve desired 

resolution, intensity and imaging performance. A third generation light source like an 

undulator capable of delivering flux~10
15

 photons/sec/0.1%BW with comparatively smaller 

source size and divergences is required for high resolution and high intensity beamline 

proposed.  



8 
 

 

Fig. 2: Flux from Indus-1 and Indus-2 

2.2 Choice of undulator  

Major constraints while choosing an undulator is higher harmonics contamination and 

high heat load on optical elements of beamline. Other issues are limitations on minimum 

allowed pole gap, physical straight section length available in storage ring, reliability and 

cost. 

2.3 Undulators available for consideration 

a) Planar undulator: Conventional planar undulators have periodic magnetic structure. 

These are easy to handle, reliable and cost effective. Limitations being higher order 

contamination and immense heat load. 

b) Quasi-periodic undulator: By vertically translating a few horizontal magnets, higher 

harmonics are suppressed. This device provides high brilliance and flux in energy 

range of interest but problem of heat load still cannot be circumvented.  

c) Helical undulator: As electron deviates from undulator axis, heat load on axis is very 

low compared to planar undulators. Brilliance of a helical undulator can be higher 

than that of a planar undulator. However, undulator period has to be optimised for 

each photon energy in order to operate on first harmonic at reasonable magnetic gap. 

d) Figure-8 undulator: Reduce on-axis power density by introducing a large horizontal 

magnetic field having a double period length, hence, leading to projected electron 

trajectory of shape of number 8. Electron moves through right-handed and left-handed 

circles alternatively which results in cancellation of circular polarisation of photons. 

2.4 Undulator for AMOS beamline at Indus-2 

Based on different types of undulators available for consideration, limitations of 

storage ring, design complexity, operational simplicity and expected longevity, a permanent 
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magnet based planar undulator (PPM) is considered as light source for AMOS beamline. This 

undulator referred to as U1 will be installed in long straight section LS-2 of Indus-2 storage 

ring. Subsequent subsections describe calculation of different parameters of undulator 

necessary from a beamline design point of view as well as effect of changes in electron beam 

trajectories and related parameters while traversal along undulator length on its radiation 

characteristics. To evaluate AMOS beamline, therefore, requires a detailed modelling of 

undulator light source. Parameters of undulator chosen for this evaluation are given in Table 

1 along with designed parameters of Indus-2 storage ring. 

2.5 Evaluation of AMOS undulator parameters for beamline design 

 In an undulator electrons oscillate transversally in a given plane (planar undulator). 

Different parameters of an undulator are evaluated using physics behind properties of 

undulator as discussed further in this section. Fig. 3 shows a schematic of magnetic structure, 

electron trajectory and co-ordinate system of such a planar undulator. Number of oscillations 

that electron undergoes is equal to number of periods of magnetic structure. When a magnetic 

field is applied in a direction perpendicular (along Y-axis) to direction of propagation (along 

Z-axis) of electron beam, beam gets deflected from its orbit (X-axis). Extent of deflection of 

electron beam largely decides angular cone of emission of light from undulator. 

 

Fig. 3: Schematic of electron beam propagation in an undulator 
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Table 1: Parameters considered for evaluation and modelling of undulator 

Storage Ring Parameters 

Electron energy (GeV) 2.5 

Beam current (mA) 300 

Lorentz factor (γ) 4892 

Coupling constant (εy/εx) 1% 

Emittances (εx, εy) 

a) Relaxed optics 

b) Relaxed optics_1 

c) Relaxed optics_2 

d) Designed optics 

 

1.34×10
-7

m rad 

0.70×10
-7

m rad 

0.65×10
-7

m rad 

0.58×10
-7

m rad 

 

1.34×10
-9

m rad 

0.70×10
-9

m rad 

0.65×10
-9

m rad 

0.58×10
-9

m rad 

Betatron parameter (βx, βy) 

a) Relaxed optics 

b) Relaxed optics_1 

c) Relaxed optics_2 

d) Designed optics 

 

11.23 m 

12.47 m 

13.68 m 

14.02 m 

 

3.32 m 

3.42 m 

3.32 m 

2.01 m 

Electron beam size (σx, σy) 

a) Relaxed optics 

b) Relaxed optics_1 

c) Relaxed optics_2 

d) Designed optics 

 

1275 μm 

941 μm 

949 μm 

903 μm 

 

67 μm 

49 μm 

46 μm 

34 μm 

Electron beam divergence (σx‟, σy‟) 

a) Relaxed optics 

b) Relaxed optics_1 

c) Relaxed optics_2 

d) Designed optics 

 

109 μrad 

75 μrad 

69 μrad 

64 μrad 

 

20 μrad 

14 μrad 

14 μrad 

17 μrad 

ηx , ηy 

Relaxed optics 

Relaxed optics_1 

Relaxed optics_2 

Designed optics 

 

-0.3767 

-0.1124 

-0.1021 

-6.74e-6 

 

 

--- 

ηx‟ , ηy‟ 

a) Relaxed optics 

b) Relaxed optics_1 

c) Relaxed optics_2 

d) Designed optics 

 

-1.02e-4 

-1.39e-5 

-1.73e-5 

-1.03e-9 

 

 

--- 

Natural Energy spread  

a) Relaxed optics 

b) Relaxed optics_1 

c) Relaxed optics_2 

d) Designed optics 

 

9.0093e-4 

9.02694e-4 

9.02822e-4 

9.03258e-4 

Undulator Parameters 

Configuration PPM Undulator 

Energy range 6 eV to 250 eV 

Total length 2.45±0.05 m 

Gap Range 23 to 106 mm 

Period length (λu) 126mm 

Approximate number of periods (N) 18 

c c c 
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Electrons injected on axis into undulator will oscillate in X-Z plane as shown in Fig. 

3. Electrons in this magnetic field obey Lorentz equation 

 
 (1) 

where   is magnetic field,  is velocity vector of electron, e is charge of electron, m0 is rest 

mass of electron, c is velocity of light in vacuum and γ =E/E0 where E is energy of electron 

and E0 is rest mass energy of electron. For a machine like Indus-2 of energy 2.5 GeV, γ = 

2500/0.511 ≈ 4892. 

When electron is travelling along Z-axis, a sinusoidal magnetic field can be 

approximated as 

 
 (2) 

where B0 is peak field in Tesla and λu is period of undulator in meters.  Under such a magnetic 

field electrons experience force and get deflected in X-Z plane. For large γ, like case of 

Indus-2, deflection angle will be very small. Under paraxial approximation, particle trajectory 

is given by 

  
 (3) 

 
 (4) 

Solution of eq.3 for electrons travelling along undulator axis (z = 0) is given by 

 
 (5) 

In this case, maximum deflection angle experienced by electron in a sinusoidal 

magnetic field is given by, Θmax = K/γ where K is called deflection parameter and is given by 

                
 (6) 

When electron trajectory overlaps with emitted radiation fan, interference effects will 

occur as is case for an undulator. When electron deflection angle is very large, interference 

effects will get reduced. In such a case emission spectrum is no longer peaked but will be 

continuous and will be similar to radiation pattern from a bending magnet. Duration of each 

pulse is about critical wavelength of synchrotron radiation given by
30

 

 
 (7) 

where R is bending radius given by R=pc/eB0. Here p is electron momentum. 
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The signal period is time delay 

 
 (8) 

And approximate number of harmonics will be given by 

 
 (9) 

2.5.1. Undulator equation 

 

Fig. 4: Electron beam trajectory 

From Fig. 4 it is clear that for interference to occur between wave fronts emitted with 

an angle θ by same electron, electron must slip behind first wave front by a whole number of 

wavelengths over one period. Time for electron to travel one full period is  and during 

this time first wave front will have travelled a distance of   . This leads to famous 

undulator equation
31

 

 
 (10) 

where n is harmonic number. 

We can see from eqn. (10) that harmonic wavelength changes not only with magnet 

period and electron energy but also with deflection parameter K and observation angle θ. K is 

a function of peak on-axis magnetic field and undulator period. For undulator
32

 considered 

here (Table 1) deflection parameter K is to be varied from 12.45 to 1.33 for covering energy 

range of 6 to 250 eV. Output wavelength of undulator can be increased by decreasing 

undulator gap (increasing effective magnetic field) of undulator. From above equation it is 

seen that on-axis wavelength is lengthened (red-shifted) when observation point moves off 

axis or, equivalently, if electron trajectory is making an angle with direction of propagation. 

Because every harmonic is red-shifted, wavelength of each harmonic will equal that of 

fundamental at a sufficiently large off-axis angle. Thus it is clear that for higher photon 
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energies corresponding to smaller K, red shift is less compared to low energies at a given 

observation angle. 

In terms of energy of harmonics, eq. 10 is expressed as 

 
 (11) 

2.5.2. Bandwidth of harmonics 

If undulator contains N periods over a length, then condition for constructive 

interference over entire length is 

 
 (12) 

And similarly condition for destructive interference first occurs when there is one complete 

extra wavelength advance over whole device, this occurs at a wavelength of λ
*
 

 
 (13) 

Equating these two interference conditions at a fixed θ, we have 

  (14) 

 
 (15) 

Wavelength range over which there is finite probability of emission is expected i.e.  

Δλ=λ-λ
*
 is given by 

 
 (16) 

Variation of emitted harmonic width with photon energy in this case is plotted in Fig. 

5. It can be seen that harmonic width increases with energy for a particular harmonic. This is 

due to fact that higher energy corresponds to small emission angle and interference exists for 

a much larger energy width when observed at a fixed angle. However, for a given energy 

higher harmonics have less width compared to lower harmonics because higher harmonics 

have high K and hence radiation is emitted at a larger angle and hence less harmonic width. 

 

Fig. 5: Variation of harmonic width with energy



14 
 

2.5.3. Angular width 

Destructive interference will first occur at an angle θ
*
 when 

                                                                                     
 (17) 

Again equating this with condition for constructive interference it is clear that 

  (18) 

Under small angle approximation, this reduces to 

 
 (19) 

At lower energies i.e. at higher deflection parameters, destructive interference at same 

energy corresponds to larger emission angle. Thus for lower energies angular width will 

become more as can be seen in Fig. 6. 

Therefore, for radiation emitted on axis (θ=0), angle at which intensity falls to zero is 

 

 (20) 

 

Fig. 6: Variation of angular width with energy

Approximating angular width distribution as Gaussian, we can define an angle σr’, 

peak and rms values of which are given respectively by 

 

 (21) 

 

 (22) 

When collection angle is less than σr’, then intrinsic spectral width 1/nN is not much 

affected by red shifting. Radiation within collection angle called as central cone is most 

useful part of undulator radiation for beamline optics considerations
33

. Central cone angle 

decreases with increasing energy. 
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2.5.4. Undulator tuning curve 

Tuning curve of undulator gives flux variation with photon energy in given harmonic 

and this does not mean that all of this flux is available at same instant. Tuning curve traces 

out how peaks of harmonics move as K parameter is varied, so in a sense they show potential 

of undulator over large photon energy range. Intriguingly peak flux from an undulator does 

not occur at an exact harmonic wavelength or energy. In fact peak energy corresponding to 

peak flux, Epeak, is slightly detuned from harmonic by a small amount. In terms of energy 

same is given by 

  (23) 

 2.5.5. Flux in central cone 

Flux per solid angle for undulator is related to flux per solid angle on-axis by 

 
 (24) 

Integrating over all angles and inserting undulator wavelength equation and fine 

structure constant, α gives final expression for flux as 

 
 (25) 

 i.e. 
 (26) 

where 

 
(27) 

& 
 (28) 

J(n+1)/2 and J(n-1)/2 are Bessel functions and in practical units of photons/sec/0.1% bandwidth, 

flux in central cone is given by 

    (29) 

where Ib is current in storage ring in Amperes. 

Using rms value of photon beam divergence, flux in central cone is obtained as 

  (30) 

For purpose of computations of flux all rms values of variables involved in expression 

are chosen. Our computed flux values match extremely well with results obtained from 

SPECTRA
34

. It is to be mentioned that considering peak values of photon beam divergence 

gives flux data matching with those calculated using methodologies of Walker
35

 and Soleil
36

. 

Flux results for first three odd harmonics are plotted in Fig. 7. It is clear that by using first 

harmonic of undulator we can cover energy range of interest for beamline i.e. 6– 250 eV. 
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Fig. 7: Undulator flux for 1
st
, 3

rd
 and 5

th
 harmonic

2.5.6. Brightness and Brilliance 

Brilliance is defined as photon flux per unit area per unit solid angle at photon 

(undulator in this case) source. It defines figure of merit of undulator source where as 

brightness is photon flux per unit source area. Undulator brilliance simply is flux in central 

cone divided by phase space volume described by effective source dimensions. 

 
 (31) 

These two parameters of an undulator as shown in Fig. 8 thus depend upon photon 

beam source size and divergence which further depends on corresponding parameters of 

electrons stored in storage ring.  Under ideal conditions of very small energy spread, effective 

horizontal(X) and vertical(Y) photon source size (Σx, Σy) and divergences (Σx’, Σy’) are given 

by 

 
 

(32) 
 

 

where σx and σy are rms values of spatial extent of electron beams in horizontal and vertical 

directions and σx’ and σy’ are their corresponding divergence counterparts. 
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Fig.8: Effective source size and divergence 

However in reality considering case of finite emittance (ε), energy spread (γ) and 

betatron parameters (β), electron source size and divergence is given by
37

 

  (33) 

Thus size of electron beam in a storage ring depends upon its emittance ε and 

conversely emittance can be easily measured by measuring electron beam size σ knowing 

value of β. In present case undulator is kept at centre of straight section and therefore it can 

be considered for practical purposes that η and η’ are insignificant, in which case electron 

source size and divergence are given by 

  
(34) 

Effective photon source size at a distance of D (meters) depends on energy of photon 

used for experiment. Therefore it is a convolution of electron beam size, angular distribution 

of electron trajectories, finite natural divergence of undulator radiation (σr’) and an image 

broadening (σopt) of optical system. Assuming that distributions can be approximated as 

Gaussian distributions, such that rms X-ray spot size measured on screen can be expressed by 

  (35) 

Under condition that working point is located at peak of an odd                                                                                                                                                                                       

undulator harmonic, natural photon beam divergence and natural source size can be 

approximated as 

 

 (36) 

where λ is wavelength of respective harmonic and L is total length of undulator. Above 

approximation indicates that, in order to keep photon divergence small, high photon energy is 

favorable. In general it is desirable not to work at peak energy of harmonics, but at slightly 

higher energies, to minimize photon divergence and obtain peak flux. Keeping this advantage 
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in to consideration, σr was calculated using exact expression for spatial distribution of 

undulator radiation rather than using above equation. 

The calculations of brilliance are carried out under an assumption that electron 

trajectories inside undulator are not changing emittance significantly and other parameters of 

electrons entering undulator. Ideal extension of radiation source (“source size”) is 

predominantly given by electron beam cross section when contribution from effect of 

undulator is very small, while angle of emission (“source aperture”) is given by a convolution 

of radiation opening angle and electron beam divergence. In literature computation of 

brilliance is reported differently by different authors following different normalization factors 

to source sizes and divergences
38

, so there is a mismatch in absolute values of brilliance. For 

brilliance evaluation we used all rms values for variables in empirical computations and 

found that brilliance data matches with ones obtained from SPECTRA
34

. Brilliance in whole 

energy of interest is~10
16

 as can be seen from Fig. 9 where it is plotted for first three odd 

harmonics using design electron optics parameters of Indus-2
29

. 

 

Fig. 9: Brilliance for 1
st
, 3

rd
 and 5

th
 harmonic 

2.5.7. Radiated power 

The total power radiated is given by 

  (37) 

The total radiated power decrease with increase in energy as can be seen in Fig. 10. 

Reason is that for higher deflection parameter, curved path travelled by electron over length 

of undulator is more, and hence much radiation is emitted at lower energies.  Radiated power 

is much less compared to case of bending magnet radiation from Indus-2 but power density is 

very high because of narrow emission angle. This in turn requires cooling to reduce effect of 

thermal load on optical components such that resolution performance is not affected. 
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Fig. 10: Variation of total radiated power with energy 

2.6 Programs used for source modelling 

2.6.1. XOP 

XOP (X-ray Oriented Programs)
39

 is a widget-based driver program that is used as a 

common front-end interface for computer codes of interest to synchrotron radiation 

community. It provides codes for (functional classification) 

 X-ray sources(e.g., synchrotron radiation sources, such as undulators and wigglers). 

 X-ray optics (characteristics of mirror, filters, crystals, multilayers, etc.). 

 Multipurpose data visualizations and analyses with XPLOT. 

Adding external software packages (called "extensions") that are optionally installed 

easily expands functionality of XOP. Typical extensions are 

 SHADOWVUI, a Visual User Interface for SHADOW ray-tracing code. 

 XAID, a package for XAFS data analysis. 

2.6.2. SPECTRA  

SPECTRA is an application software to calculate optical properties of synchrotron 

radiation emitted from bending magnets, wigglers (conventional and elliptical) and 

undulators (conventional, helical, elliptical and figure-8). Calculations of radiation from an 

arbitrary magnetic field distribution are also available. Parameters of electron beam and 

source can be edited completely on graphical user interfaces (GUIs) and it is possible to show 

calculation result graphically. Energy spectrum and radiation power after transmitting various 

filters and convolution of detector's resolution are also available. 

At present, main functions supported in SPECTRA are as follows 

 Energy spectra of brilliance, flux density, partial flux after passing through a 

slit and total flux. 

 Spatial dependence of flux and power densities. 
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 Beam size, angular divergence, coherent flux as a function of gap and K value. 

 The peak brilliance, flux and radiation power as a function of gap and K value. 

 Radiation power after passing through a filter composed of various material. 

 Far-field approximation for fast evaluation of radiation. 

 More precise estimation of radiation in near-field zone. 

2.7 Undulator source modelling 

Till now evaluation of output characteristics of undulator have been performed using 

empirical equations obtained under following assumptions 

1. Electrons are injected on axis into undulator in a plane (X-Z plane) 

2. Magnetic field is applied in a direction perpendicular to plane of injection i.e. 

along Y-direction. 

3. Electron trajectories are assumed to be paraxial along Z-direction. 

4. All parameters of electron beam, storage ring parameters and undulator do not 

have any deviations from estimation. 

5. The electron beam parameters are not undergoing considerable changes along 

undulator structure. 

However actual situation will be quite different. Therefore to mimic real time 

situation and estimate effect of change in operating conditions of storage ring and emittance 

on source sizes & divergences, modelling of undulator is must. 

Undulator source properties cannot be scaled linearly like case of conventional 

bending magnet sources, an optical simulation code
40

 is needed to model source. To predict 

performances of undulator based optical systems and undulator source modelling a code is 

developed at ESRF as a part of X-ray optics design tool called as XOPS
39

. In this software, 

modelling task is separated into two parts containing source brilliance computation and 

second generating probability distribution function (PDF)  required for a very efficient Monte 

Carlo simulation to generate source model. This package models undulator source based on a 

simplified field distribution that allows an efficient calculation of electron trajectories and 

radiation field. Undulator angular and spatial radiation patterns have been simulated using 

this code using electron trajectory angles, including emittance effects by Monte Carlo 

sampling of wave front and computing three dimensional source probability distribution 

function to generate a random variate with same distribution as source. Spatial extent of 

radiation source (“source size”) in horizontal and vertical planes is given by convolution of 

electron beam emittance, betatron parameters, dispersion functions and energy spread of 



21 
 

electron beam. In this simulation tool it is assumed that electrons are radiating independently 

from each other but coherently along trajectory and undulator field is perfect (no random 

errors) and emission of a photon is a small perturbation on electron orbit. 

2.7.1. Electron beam emittance, energy spread and aperture effect on harmonic width of 

undulator 

One of the important parameters of relevance for optical design is harmonic width of 

undulator. Variation of harmonic width of 6 eV photons (lower end of energy region of 

interest i.e. highest K) have been considered here as starting point. Harmonic peaks of 6 eV 

photons get broadened due to beam emittance, beam energy spread, apertures, photon source 

emission angles predominantly
33

. It also depends on harmonic number, number of periods of 

undulator apart from photon energy. Even harmonics (12 eV, 24 eV etc) are purely an effect 

of beam emittance and angular acceptance of aperture for an ideal device. An increased 

acceptance aperture increases not only peak flux but also harmonic width. A large aperture 

degrades linear polarization on both high and low energy side of harmonic energy. 

Natural width of undulator radiation, beam emittance, beam energy spread and 

angular aperture all contribute to width of harmonic peak. Width can be estimated by 

 (38) 

where Δγ/γ is FWHM of beam energy spread, θap, x, y is aperture half-angle. Beam energy 

spread will result in symmetrical broadening whereas emittance causes a broadening only on 

low energy side of peak. Beam energy spread causes a noticeable broadening only for higher 

order harmonics of 6 eV (18 eV, 30 eV etc) when using small apertures. Harmonic width 

increases almost quadratically with increasing photon energy when aperture is dominant 

term. Harmonic width varies substantially with experimental conditions and a harmonic peak 

with large width will be seen for a large aperture. However, an increase of angular acceptance 

will reduce energy resolution. 

Using XOPS code, undulator photon source is modelled to obtain angular and spatial 

photon distributions. Rms electron and photon distributions in X and Z give effective photon 

source sizes in horizontal and vertical planes whereas same in  angular distribution (X‟,Z‟) 

gives effective source divergences. Undulator source size is a convolution of electron source 

size and photon source size. Using ray tracing program SHADOWVUI
41

 an extension of 

XOPS package, undulator source for case of 6 eV and 250 eV is plotted and shown in Fig. 11 

density of rays as seen in Fig. 11 represents location of maxima in intensity of emission 
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pattern.  FWHM values of source sizes in both horizontal and vertical directions are in close 

agreement with computed dimensions for an ideal undulator source. It is to be mentioned that 

any variation of parameters along length of undulator will result in change of photon source. 

 

Fig. 11: Undulator source stimulated at 6 eV and 250 eV 

To understand characteristics of undulator under consideration using SHADOWVUI, 

source model for case of zero and finite remittance of electron beam for different harmonics 

emitted by undulator of interest is carried out. For simplicity, only results for first, second and 

third harmonics are presented and discussed further. 

For 6 eV photon (K tuned to 12.45 >>1) electron will be under influence of strong 

magnetic field leading to observation of multiple harmonic emissions. Of all harmonics 

emitted, odd harmonics will be observed on both on and off- axis where as all even 

harmonics will be seen off axis. A larger electron emittance will result in more photons being 

emitted at even harmonics at cost of reduction in intensity of odd harmonics, thus leading to 

requirement of relaxed storage rings for photon sources of higher brilliance. Undulator source 

tuned at 6 eV with an energy spread of 0.0012 eV and its corresponding 2
nd

 & 3
rd

 harmonics 

are shown in Fig. 12 both in case of zero emittance and finite electron beam emittance for a 

particular aperture angle. Reason for choosing a higher aperture angle is to show central cone 

and surrounding rings seen off axis with red shifted energies with respect to tuned energy of 6 

eV. For all practical purposes these off axis emitted photons are of no use for beamline 

design. In case of source without considering effect of electron beam emittance (Figs. 12a, 

12c and 12e) off axis rings are quite sharp. As 2
nd

 and 3
rd

 harmonics are of higher energy (12 

eV and 18 eV respectively) compared to first, central cone and ring apertures are small in size 

and appear at a much lesser angle. So, for a given aperture angle for all harmonics, number of 

ring apertures increase with harmonic number as can be seen from Figs. 12c and 12e. In case 

of 2
nd

 harmonic (Fig. 12c) there is almost no on-axis emission and all photons are emitted 
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off-axis. Since some of electrons make a finite angle with injection axis, we have to 

incorporate effect of electron beam emittance which drastically changes undulator radiation 

emission pattern as seen in Figs. 12b, 12d and 12f. Rings are diffused in nature and bulged 

out with finite emission in between. For 1
st
 and 3

rd
 harmonics pattern remains almost same 

while now there is presence of 2
nd

 harmonic emission on axis (Fig. 12d). Thus it is clear that 

while working at a particular photon energy there is need for suppression of higher harmonics 

which are embedded inside tuned harmonic energy. Suppression is more challenging at lower 

energy because of presence of large number of harmonics compared to those present at higher 

energies. It is also clear from Fig. 12 that higher energies are concentrated towards centre of 

central cone. Therefore, as far as beamline design is concerned, central cone aperture angle is 

one useful and one has to reject contributions from off-axis emissions. Also as central cone 

angle reduces with increasing energy, apertures of variable nature have to be used in 

beamline to allow desired energy photons and stop others. Choosing lower aperture angles 

makes life easier for beamline designer which otherwise will be complicated because of 

increased optical component sizes, aberrations, thermal load which will affect performance of 

beamline. 
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Fig. 12: 1
st
, 2

nd
 and 3

rd
 harmonics of model undulator at 6 eV, 12 eV and 18 eV; zero 

  emittance (a, c & e); finite emittance (b, d & f) 

2.7.2. Variation of angular power density of undulator 

Although total power emitted from an undulator source is much less compared to 

second generation bending magnet source, power density is unusually high. As expected for 

this undulator source at lower tuned photon energies (large B), total radiated power density is 

large compared to higher energy counterparts. Radiated power density falls almost 

exponentially with increasing energy necessitating requirement of a cooling mechanism to 

front end components of beamline as well as to first optical element at least. Otherwise such a 

large power density will distort mirror shape as well as coatings of optical elements resulting 

in degraded performance of beamline. In present case we have computed radiated power 

density of undulator at lowest and highest energies of interest (6 eV and 250 eV) over 

different aperture angles in both horizontal and vertical directions. Results of this 

computation have been plotted and are shown Fig. 13. 



25 
 

 

Fig. 13: Angular power density distribution in W/mrad
2
 at 6 eV (left) and at 250 eV 

  (right) for 1
st
, 2

nd
 and 3

rd
 harmonic 

The total power density as well as integrated power at 6 eV is large compared to that 

at 250 eV because of presence of large number of harmonics. Also it can be seen that 

harmonics have (n-1) nodes along vertical direction. For even harmonics seen in figure, there 

is always a node present on axial direction reconfirming absence of even harmonics on axis 

in case of zero emittance. 
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2.8 Variation of Indus-2 electron beam properties due to undulator 

Properties of a photon beam from a synchrotron radiation source like undulator are 

primarily defined by electron beam parameters at radiation source point. In this section, 

parameters which will be affected due to presence of PPM undulator U1 in Indus-2 storage 

ring are presented. Study of undulator effect on electron beam is carried out, considering 

undulator having infinitely wide poles and very small higher field harmonics. These 

parameters in turn will affect brilliance of undulator radiation. 

2.8.1. Betatron Tune Variation 

In ring, there is additional focusing effect due to sinusoidal nature of undulator‟s field. 

Presence of additional focusing in ring makes betatron phase change and hence changes in 

tunes. For undulator, polarized in vertical plane, tune shift ΔQ in horizontal plane can be 

written as
42

 

 
 (39) 

 Since there is no focusing action due to vertical field undulator in horizontal plane, 

ΔKx=0 which implies that ΔQx=0. 

And tune shift ΔQ in vertical plane due to vertical field undulator can be written as 

 
 (40) 

The above change in tune will be compensated by applying feed forward correction 

using quadrupoles of ring. 

2.8.2. Betatron amplitude variation 

The additional focusing effect due to undulator in ring causes betatron amplitude 

function to change referred as beta-beat, which breaks symmetry of machine optics and 

reduces beam lifetime. Considering undulator with sinusoidal vertical field and infinite pole 

width, maximum distortion in vertical beta function due to undulator is given by 

 
 (41) 

where  is average vertical beta function over length of undulator, id = (10/3)*(E/B0), Qy 

is tune of ring in vertical plane. Since there is no focusing effect in horizontal plane for above 

undulator, there will be no change in horizontal beta function. A feed forward correction 

using proper combination of ring quadruples will help in correcting beta function distortion. 
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2.8.3. Beam emittance variation  

In ring, emittance is decided by equilibrium of two effects- quantum fluctuation and 

synchrotron radiation damping. Emittance in a ring is given by 

 
 (42) 

where γ is Lorentz factor, , ,  and 

. Here, η is dispersion, k1 is field index, ,  

and . I2, I4 and I5 are synchrotron integrals. 

Presence of undulator in ring makes synchrotron integrals change and hence there will 

be a change in emittance of ring. Taking effect of undulator into account, eqn. (42) can be 

written in following manner
43

 

 

 (43) 

The superscript 0 denotes that value is evaluated without taking effect of undulator. In 

Indus-2 at designed optics, dispersion functions in long straight section, where undulator will 

be installed are almost zero and contribution of undulator itself to dispersion functions are 

very small. Therefore, for designed optics of Indus-2, synchrotron radiation damping effect 

will dominate over quantum fluctuation and will lead in reduction of electron beam 

emittance. 

2.8.4. Energy spread variation 

 Equilibrium energy spread of ring is also determined by two phenomena, statistical 

emission of photons in form of synchrotron radiation (SR) and damping effect due to SR 

emission. Energy spread of a storage ring is given by following relation 

 
 (44) 

where synchrotron integral . For a separate function lattice, I4 is much smaller as 

compared to I2 and hence we can neglect it. Energy spread of a storage ring is affected by 

presence of an undulator. From equation (44), energy spread in presence of undulator is given 

by 
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 (45) 

The variation of electron beam parameters due to peak field of undulator is tabulated 

in Table 2. Changes are more when undulator is operating at minimum pole gap i.e. higher 

magnetic field. 

Table 2: Variation of electron beam parameters at centre of undulator   

Undulator 

peak field(T) Energy(eV) 

Tune_y-

Tune_y0 

%emittance 

variation 

% energy spread 

variation 

%beta 

variation  

1.06 5.983375404 0.003629 -1.736407186 -0.358260979 -1.799124056 

0.9989 6.726964465 0.003214 -1.539358939 -0.345420909 -1.5965473 

0.9564 7.32860022 0.002948 -1.413019816 -0.334269456 -1.466457729 

0.8926 8.394354457 0.00257 -1.23307198 -0.314214385 -1.280917793 

0.8288 9.708813585 0.002218 -1.064965641 -0.290814975 -1.107213963 

0.761 11.47185801 0.001892 -0.909004887 -0.264783953 -0.945848378 

0.7013 13.45000288 0.00159 -0.764849855 -0.236746328 -0.796462367 

0.6376 16.17484408 0.001315 -0.633072946 -0.207469653 -0.659701536 

0.5738 19.81206046 0.001066 -0.513352183 -0.1775899 -0.53527895 

0.5101 24.79252994 0.000843 -0.406134754 -0.147885588 -0.423732613 

0.4463 31.87369354 0.000645 -0.311188123 -0.118981724 -0.324847323 

0.3825 42.35766944 0.000474 -0.228762712 -0.091634897 -0.238910017 

0.3188 58.65786023 0.000329 -0.15901951 -0.06659073 -0.166135895 

0.255 85.67621083 0.000211 -0.101797529 -0.044485195 -0.106381491 

0.1913 133.3895003 0.000118 -0.057311418 -0.026085847 -0.059933739 

0.1275 221.7355406 5.2E-05 -0.025471741 -0.012050587 -0.026649173 

0.085 314.1112564 2.3E-05 -0.011322761 -0.005493489 -0.011836107 

2.9 Effect on brilliance due to variation in electron beam parameters 

Brilliance is most important factor in beamline design and it is desired to conserve 

brilliance right from source to sample position. Under assumption that magnetic field of 

undulator is not changing electron beam phase space during its travel through undulator 

structure, on axis brilliance for undulator has been computed. On-axis brilliance for first 

harmonic over whole energy range can be seen in Fig. 14 for above mentioned optics. These 

designs have gradually decreasing emittance resulting in reduced photon source size and 

divergence. It can be seen from Fig. 14 that higher emittances lead to increased phase space 

volume and hence reduced brilliance. Though different optics has a little effect at low 

energies, it becomes more and more pronounced at higher energies. It is observed from 

results plotted and presented in Fig. 15 that emitted photon energy shifts from tuned value of 
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photon energy in fundamental harmonic changes with change in optics. Though designed 

optics has lower emittance, change in energy shift does not follow trend and lies in between 1 

& 3 as shown in Fig. 15. 

 

Fig. 14: On-axis brilliance in different Indus-2 optics 

 

Fig. 15: Energy shift in different Indus-2 optics 

To understand effect of variation in emittance, betatron amplitudes and energy spread 

of electron beam due to presence undulator U1, percentage variation in brilliance have been 

computed. Results show that change in brilliance is relatively smaller at higher energies as 

can be seen in Fig. 16. 

 

Fig. 16: Brilliance variation due to variation in electron beam parameters 
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2.10  Effect of phase error of undulator on brilliance 

The generalized expression of brilliance including effect of geometric phase error in 

undulators
44

 is given by 

 

 
(46) 

where I0 is brilliance of an ideal undulator, σφ is phase error, n is harmonic number and N is 

number of periods of undulator. For case of undulator having large number of poles, above 

expression reduces to one practically used
45-46 

which is given by 

  (47) 

For our case having smaller number of poles, two expressions depart widely for 

smaller harmonic number and low phase error. It is observed that they converge with increase 

in harmonic number and phase error. Percentage change in brilliance in 1
st
 harmonic for this 

undulator is plotted in Fig. 17 as a function of phase error for both cases. From figure it is 

clear that in our case variation in calculated brilliance change is different in both cases. 

 

Fig. 17: Brilliance variation due to rms phase error of magnetic poles of undulator 

The undulator parameters evaluated and presented play a major role in design of 

AMOS beamline. Size of optical components depends on angular divergence used. This 

along with source size decides image at various positions along beamline as well resolution 

attainable. Total number of photons of a particular energy emitted at source after reflecting 

through various optical components gives an estimate of transmission of beamline. Further, 

choice of substrate material and cooling mechanism depends on total radiated power and 

large power density of undulator source. A tabulated form of evaluated parameters at extreme 

energies is given in Table 3 for providing a quick reference required during beamline design.  
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Table 3: Characteristics of undulator for design specifications of storage ring, electron 

beam and undulator (ideal case) 

Parameter                 Energy range 

                    (6-250eV) 

1.  Deflection parameter K                                                        12.45-1.33 

2.  Natural harmonic width in eV  

     1
st
 harmonic                                                                        0.3 - 12.5 

    3
rd

 harmonic                                                                           0.103 - 4.31 

     5
th
 harmonic                                                                    0.0625 - 2.604 

3.   Angular width (mrad)                                                             0.416 - 0.064 

4.   Effective photon source size (mm)                            (0.905, 0.088) - (0.902, 0.036) 

5.   Effective photon source divergence (mrad)             (0.218, 0.209) - (0.072, 0.036) 

6.   Actual harmonic width in eV 

     1
st
 harmonic                                                                     0.706 - 42.14 

     3
rd

 harmonic                                                                    0.242 - 23.10 

     5
th
 harmonic                                                                     0.149 - 19.66 

7.   Central cone angle (mrad)                                                    0.208-0.032 

8. Undulator tuning curve  

     1
st
 harmonic                                                                   5.951 - 245.870 

     3
rd

 harmonic                                                                  17.946 - 245.350           

     5
th
 harmonic                                                                 29.951 - 1245.389 

9. Rms flux of undulator in ph/s/0.1% BW 

     1
st
 harmonic                                                                  3.95e14 - 2.89e14 

     3
rd

 harmonic                                                                  2.59e14 - 8.44e13 

     5
th
 harmonic                                                                 2.14e14 - 2.86e13 

10. Rms brilliance of undulator in ph/s/mm
2
/mrad

2
/0.1% BW 

      1
st
 harmonic                                                                 2.77e15 - 8.51e16 

      3
rd

 harmonic                                                               1.82e15 - 2.48e16 

      5
th
 harmonic                                                                1.50e15 - 8.41e15 

11. Total radiated Power (kW)                                                3.18 - 0.0363 

12. Angular power density (kW/mrad
2
)                                  2.553 - 0.2633 
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3. AMOS Beamline Optics 

Beamline is an interface between storage ring and experimental station. It accepts 

light from source and modifies light properties in such a way that photon beam can be used 

for conducting experiments in an efficient manner without disturbing operating conditions of 

synchrotron light source. To achieve this, a typical beamline will have a combination of 

optical components such as mirrors, gratings and masks and mechanical components such as 

slits, baffles etc.  There is a lot of literature available for this in form of handbooks and 

journal publications to describe different types of mirrors & gratings
47-48

, substrates
49

, 

coatings
50

, monochromators
51-52

 and typical manufacturing imperfections of optical 

components
53-54

. This literature and beamlines working in different synchrotron laboratories 

in world helped in identifying optical components of AMOS beamline to perform functions 

of deflection, focusing and absorbing unwanted radiation apart from obtaining required 

monochromatization of photons. Light emanating from an undulator is diverging and 

therefore need to be dispersed and focused on to the sample (gas/solid) of interest with the 

help of a combination of mirrors, slits, masks and gratings kept under ultrahigh vacuum 

comparable to that in Indus-2 synchrotron radiation source (~1 x10
-10 

mbar in no beam 

condition and 1x10
-9 

mbar while performing experiments). Based on literature survey carried 

out on UV to Soft X-ray through VUV beamlines and proposed experimental programs (as 

described in introduction), selection of light source (Section 2) and analysis of available 

optical components as described in literature
47-54

, beamline optical components have been 

chosen for AMOS beamline.  This section deals with details of beamline optics, design 

considerations and issues to be addressed for AMOS beamline planned for utilization of 

challenging VUV Soft X-ray region. 

3.1 Optics details 

A typical beamline contains mirrors, monochromators and masks etc. In present case 

i.e. AMOS beamline, optical layout as shown in Fig. 18 is divided into three sections, 

namely, pre-focussing optics section, monochromator and a post focusing mirror section.  
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Fig. 18: Perspective view of AMOS beamline 

3.1.1. Pre-focusing optics 

This section contains a combination of a plane mirror and a toroidal mirror. First 

optical element of pre-focusing optics is a plane mirror. Important functions of this mirror are 

to deflect synchrotron light in horizontal plane to optimize space utilization in experimental 

hall and to provide enough space for radiation shielding along line of sight of undulator. 

Functions of this mirror are also to absorb all energies beyond 1000eV to minimize thermal 

load on subsequent optical components and to help in reducing higher order contamination in 

beamline from 100 to 250 eV. This mirror will be cooled so that its surface will not get 

affected. Second optical component is a toroidal mirror. Function of this mirror is to focus 

light from source onto entrance slit of monochromator both in horizontal and vertical 

directions. A combination of two cylindrical mirrors were not chosen as pre-optics for this 

beamline to avoid slope errors introduced by high heat loads on first mirror which will affect 

imaging at entrance slit of monochromator resulting in loss of flux for a given slit width. 

3.1.2. VLSPGM monochromator 

This section of beamline constitutes a varied spacing plane grating monochromator 

(VLSPGM). This monochromator consists of a focusing toroidal mirror and four varied line 

spacing plane gratings. This combination of optics facilitates monochromator to function with 

converging incoming beam in constant deviation mode with a fixed outgoing exit beam 

direction. This combination of optics is a modified and simplified optical configuration of 

VUV beamline at Canadian light source (CLS)
16

. Modification incorporated by us for our 

application includes replacement of spherical mirrors (two in case of VUV beamline, CLS, 

Ref.16) with a toroidal mirror helped in fixing exit arm length of VLSPGM throughout whole 

energy region. Light after reflecting from second toroidal mirror forms a converging beam 

which is intercepted by plane grating and diffract it towards exit slit. Wavelength scanning in 

this monochromator is achieved by simple rotation of grating about an axis tangent to grating 

and parallel to grooves. 
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3.1.2.1. Choice of monochromator for AMOS beamline 

Varied line spacing over constant line spacing gratings 

 Incorporation of line-spacing variation in light-path function in case of a constant 

line-spacing grating helps to reduce defocus, coma and spherical aberration over whole 

energy range, thus leading to improved focusing and resolution. 

PGM over SGM 

 In SGM, dispersion and focusing occurs in a single optical element, as a result of 

which high resolution can be achieved with fewer reflections. Main disadvantage of SGM is 

astigmatism resulting in loss of flux and movement of exit slit
55

. In particular, only way to 

accommodate fixed in and out directions, is by extra reflections and special mechanisms. 

This adds further to problems of transmission efficiency, increased sensitivity to 

contamination and inconvenient and expensive mechanisms. Plane grating instruments, on 

the other hand, offer possibility of fewer reflections, wide wavelength coverage, fixed in and 

out directions with fixed entrance and exit slits, good rejection of higher diffracted orders, 

simpler mechanisms, cheaper gratings but a resolving power which is source limited
56

. For 

undulator based beamlines with smaller source sizes, this is seldom a problem. 

Constant deviation optics over variable included angle mounts 

 The SF-VLSPGM working in variable included angle mode, regarded as having 

evolved from SX-700 type PGM, is one of high performance monochromators known for its 

wide energy coverage, high resolving power and capability of higher order suppression. 

However, it has complicated scanning mechanism
56

. In this monochromator, for wavelength 

scanning plane mirror is translated parallel to incoming beam and rotated about an axis in its 

surface to provide an appropriate deviation angle to grating. Grating is simultaneously rotated 

about an axis that is parallel to grooves and passes through its centre such that an optimum 

angle of incidence is chosen. CIA-VLSPGM, on the other hand, only requires a single 

rotation of grating to achieve above merits along with comparable resolution. 

  The specific requirement of fixed deviation along with fixed entrance and exit slit 

position and choice of simple rotation scanning principle is reason for selection of constant 

included angle varied line spacing plane grating monochromator.   

3.1.3. Post focusing mirror  

This section contains a single toroidal mirror. This mirror is chosen as post focusing 

mirror because of manufacturability of this surface with very small deviations from ideal 

surface compared to ellipsoidal or parabolic mirror. Diverging monochromatic light coming 

from exit slit of VLSPGM is focussed using a third mirror on to sample position with a 
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magnification of 1:1. A combination of two cylindrical mirrors could have helped in making 

spot shape symmetrical but that will result in loss of flux and more space along beamline (a 

premium already) apart from increased cost. Incidentally, image shape is not going to have 

major role in type of experiments planned with this beamline. 

3.2 Design considerations 

Optimization of optical layout of beamline has to take into account of different types 

of design considerations and constraints
57

 and they can be classified under four subheadings: 

3.2.1. Beamline Requirements 

1. Operating energy region of beamline starts from ultraviolet (UV) to soft X-ray 

energy through vacuum ultraviolet (VUV) i.e. 6-250 eV. 

2. Resolving power ~10000 in energy region of interest. 

3. Image size less than 1 mm
2
.  

4. Intensity at sample position ~10
12

 photons/sec at 0.1% BW. 

5. A maximum of four gratings to be used to cover whole energy region. 

6. Sizes of gratings and mirrors as small as possible. 

7. Radiation shielding between first and second mirror of pre-optics for easy access 

to observe beam position on first toroidal mirror. 

3.2.2. Storage Ring Constraints 

1. Permanent planar magnet (PPM) undulator source with a small photon source size 

and variable source emission angle for entire energy region of interest. 

2. Storage ring will operate with a beam current of 300 mA.  

3. Base vacuum of beamline should be ≤ 1x10
-10

 mbar.  

3.2.3. Experimental Hall Constraints 

1. Allowed distance at which first optical component can be placed. 

2. Length of beamline limited by boundary of passage gallery in experimental hall. 

3.2.4. Experimental Requirements 

1. Allowed beamline components height in range of 400 to 1600 mm from ground 

level in experimental hall.  

2. Requirement of monochromatic light from exit slit to sample position parallel to 

beam axis. 

3. A requirement of 3 m x 3 m experimental area at end of beamline. 
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3.3 Ray tracing tools for beamline design 

3.3.1. SHADOWVUI 

 SHADOWVUI is a visual interface to SHADOW x-ray tracing program. It is an 

extension of XOP package. Interface provides high level menus and graphics to prepare 

SHADOW inputs, to run SHADOW and to process resulting files, including visualization and 

beamline 3D representation. Interface tries to follow SHADOW's philosophy. Three main 

steps are: 

 Definition of source 

 Select desired source: Geometrical (where source dimension and divergences 

are from simple geometrical shapes, like rectangles, ellipses and Gaussians), 

or synchrotron sources (bending magnets, wigglers and undulators). 

 Press "Modify..." to enter source parameters. 

 Run SHADOW to create source by pressing "Run SHADOW/source". 

SHADOW runs and creates several files. Most important is begin.dat, a binary 

file containing source rays. 

 To visualize results, use "PlotXY" or "Histo1" tools, for making 2D and 1D 

plots. 

 Definition of optical system 

 Set desired number of elements using "Add oe" and/or "Delete oe" buttons, 

and enter parameters by clicking on "Modify oe...". 

 Run SHADOW by clicking on "Run SHADOW/trace" button. Many files are 

created. Most important are star.xx and mirr.xx containing rays at optical 

planes and on top of optical elements, respectively. 

 To visualize results, use "PlotXY" or "Histo1" tools. 

 To create a 3D representation of beamline, use "BLViewer" button.  

 Define macros, which are programs that allow automating some tasks (post processing, 

loops, etc.). 

3.3.2. RAY  

 Ray tracing program RAY
58

 simulates imaging properties of an optical system. It 

randomly creates a set of rays within various types of light sources and traces them according 

to laws of geometric optics through optical elements onto image planes. Distribution of rays 

at source, optical elements and image planes can be displayed. 
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A ray is described not only by its coordinates with respect to a suitable coordinate 

system, but also by its energy and its polarisation determined by Stokes vector. Different 

source types are implemented with special emphasis on a realistic simulation of source 

intensity, volume and emission characteristics, especially for synchrotron radiation (dipole- 

and undulator) sources. Optical elements can be reflection mirrors of nearly any figure 

(plane, cylindrical, spherical and aspherical), gratings, zone plates, foils or crystals. 

Transmission of optics including effect of optical coatings is calculated according to 

reflection/refraction/transmission process from optical constants of involved materials. 

Influence of misalignment of source and/or optical elements, slope errors and thermal 

deformation of optics can also be taken into account. A graphic display of spot patterns at any 

position of beam, intensity and angular distributions, absolute flux, polarisation, energy 

resolution is possible. 

3.3.3. REFLEC  

 For design of new beamlines at synchrotron radiation facilities or improvement of 

existing beamlines, calculation of properties of optical components is a very powerful tool. 

Thus, e.g. reflectance of different mirror coatings or influence of different values of surface 

roughness can be compared before ordering a new mirror. An even more demanding but very 

helpful feature is calculation of performance of complete beamlines. Program REFLEC
59

 

developed at BESSY offers possibility to compare up to 10 different elements or to calculate 

a complete beamline consisting of up to 10 optical elements. It is thus an essential tool of 

BESSY software library for optical computations. 

3.4 Issues to be addressed 

 Aberration contribution to image size, height of optical components in beamline and 

dimension of optical components are few out of many factors which makes design of optics 

of beamline challenging in energy region of 6-250 eV. Small grazing incidence angle on 

optical components leads to increased aberrations and large sizes of optical components. 

Issues to be addressed at higher grazing angles are impractical height of optical components 

and reduced reflectivity from optical coatings again leading to loss in flux. To address all 

these issues, a new mounting of optical components in VLSPGM has been proposed to 

satisfy different optical design considerations. This orientation even after using higher 

grazing angles at optical elements, maintains beamline and experimental station at reasonable 

heights close or below photon beam axis at a height of 140 cm simplifying utilization, 

operation, maintenance apart from minimizing total length of beamline without 
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compromising resolving power and intensity performance. Detailed results of methodology 

followed in preparation, evaluation of optical layout and image & resolution attainable using 

new optical configuration of monochromator in beamline is presented in following section. 

      4. Optical evaluation, simulations and analysis of beamline 

Optimization of mirror parameters, preparation of optical layout of beamline, 

maximizing resolving power and intensity at sample position, inclusion of effect of 

manufacturing errors of optical components to understand effect on ultimate imaging and 

resolving properties of beamline require detailed ray tracing simulation analysis. Two 

beamline optics design codes (referred to as ray tracing programs) “SHADOW” extension of 

XOPS ( ESRF) &  “RAY”, ray tracing program from BESSY and REFLEC software for 

computation of intensity are extensively used for this purpose.  

 Using these codes, ray tracing simulations have been carried out for optical design 

and analysis of AMOS beamline. In first step to optimize mirror parameters and prepare 

optical layout of beamline, ray tracing simulations have been performed for undulator source 

at different demagnifications of first toroidal mirror (TM1), a part of pre-optics section of 

beamline (details can be seen from section 3).  

Keeping in mind available space in Indus-2 experimental hall, sizes of optical 

components, image sizes at different positions of beamline a particular demagnification of 

toroidal mirror TM1 are considered to prepare optical layout. Grazing angles of incidence on 

different optical components are optimized to minimize dimensions of optical components 

apart from having less aberration contribution to image minimizing loss of intensity. While 

choosing angles care has been taken so that these angles are smaller than critical grazing 

angle of commonly used mirror coatings in synchrotron radiation beamlines. Based on design 

considerations, three optical layouts have been proposed and a comparison of performances 

has been carried out. A new mounting of optical components in monochromator is proposed 

to satisfy different optical design considerations such as constraints from source, available 

space in experimental hall etc. This orientation helps in keeping beamline and experimental 

station close to photon beam axis at 140 cm even after using higher grazing angles on optical 

elements to have smaller mirrors & gratings, simplifying utilization, operation, maintenance 

and minimizes total length of beamline without compromising resolving power and intensity 

at sample position. Ray tracing results using this orientation indicates a good performance of 

beamline even at 6-12 eV, an extremely important region for molecular and optical science 

research, where very few beamlines are operating all over world at high resolution. 
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 After choosing best layout controlled by design considerations, ray tracing 

simulations are carried out further to obtain image evaluation of beamline optics, detailed 

analysis of VLSPGM efficiency, resolving power and effect of mirror/grating imperfections 

on resolution. Details of described simulations, results and analysis are described in 

subsequent subsections. 

4.1 Mirror dimension and parameter variation with demagnification 

 To obtain exact size and shape, dimensions of optical components (gratings and 

mirrors) which will affect throughput and resolution performances, evaluation of optical 

layout is performed by exact ray tracing using software “SHADOW” for

different demagnifications of undulator source entering monochromator. This is performed 

keeping a first mirror distance of 18.5 meters from source and changing first toroidal mirror 

(TM1) optical element to entrance slit distance of VLSPGM as can be seen from Fig. 19. 

Apart from first and second optical components, sizes of other optical components increase 

with increase in demagnification as shown in Fig. 20.  

 

Fig. 19: Variation of entrance slit distance from TM1 with demagnification 

Data presented in each case are FWHM values. Mirrors of large dimensions are 

readily available whereas as VLS gratings with dimensions bigger than 250 mm are not easily 

available. Large dimensions result in increased manufacturing tolerances as well as increased 

cost.  Considering space available in experimental hall as well as to keep grating sizes small, 

a demagnification of 3.52 is chosen for 1
st
 toroidal mirror. 
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Fig. 20: Variation of sizes of optical components with demagnification 

Fig. 21 shows a variation of major and minor radius of three toroidal mirrors with 

demagnification. 

 

Fig. 21: Major and minor radius variation of toroidal mirror with demagnification 

 Fig. 22 shows variation of image sizes at entrance slit, exit slit and at sample position 

in both horizontal and vertical directions. It can be seen from Fig. 22 that image sizes in 

horizontal direction decrease with demagnification. However, image sizes in vertical 

direction increase with increase in demagnification. This can be attributed to aberrations 
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involved at large demagnifications. It is therefore decided to go for not too large 

demagnifications since resolution of VLSPG monochromators are source limited.  

 

      Fig. 22: Image size variation with varying demagnification 

4.2 Preparation of optical layout 

Preparation of optical layout requires knowledge of minimum acceptance angles for a 

given beamline. These acceptance angles will decide intensity at sample position and 

dimensions of optical components apart from playing a role in resolving power and imaging 

properties of beamline. For this purpose radiation properties such as intensity, brilliance and 

emission angles of undulator considered for AMOS beamline have been computed
60

. Based 

on results from evaluation and modelling (described in later section) it is decided to consider 

0.8 mrad x 0.8 mrad as acceptances angles of beamline to maximize light throughput using 

first harmonic of undulator. During process of preparation of optical layout it is found that 

choice of angles of incidence on first and second toroidal mirrors (TM1 &TM2) gives rise to 

a new optical configuration for VLSPGM. This configuration is different from existing 

mount used in VLSPGM‟s under use in different synchrotron laboratories in world in which 

normals of grating and focusing mirror in monochromator will be seeing each other in 

opposite directions.  

The configuration in which angle of incidence (θ1) at second mirror (TM1) is greater 

than angle of incidence (θ2) at third mirror (TM2) is one followed worldwide till now at 

existing SR facilities. Using condition (θ1> θ2) leads to two optical layouts in which location 

of monochromator will be below or above axis of photon beam (140 cm with respect to 

ground). Preliminary studies indicated that configuration satisfying condition (θ1> θ2), and 

beamline using higher grazing angles in which VLSPGM has to be placed below photon 

beam axis (140 cm) gives practically impossible solution and is discarded. Thus this 
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arrangement of monochromator leads to only one optical configuration A (+,-) as seen in Fig. 

23.  

The new configuration in which normals of monochromator components are facing in 

same direction is a result of condition that angle of incidence (θ1) at second mirror (TM1) is 

smaller than angle of incidence (θ2) at third mirror (TM2). Using second condition (θ2>θ1) 

leads to two optical layouts with a nomenclature of B (+, +) and B (-,-) as shown in Fig. 23. 

Symbol “+” or “-” indicate that normal of optical surfaces of VLSPGM (toroidal mirror and 

plane grating as can be seen in Fig. 23) is pointing towards or away from ground.  

Of the three optical configurations, A (+,-) VLSPGM configuration shown in Fig. 23, 

is being used in different synchrotron facilities in world successfully for UV-VUV-soft X-ray 

beamlines. Other two mounting arrangements of monochromator, which are mirror images of 

each other have not been tried or used in beamline applications or as a standalone 

monochromator till now. Expressions relating distances, heights and angles are formulated 

using trigonometry to analyse geometrical parameters of beamline in all these configurations 

to obtain relative distances and heights of optical components with respect to ground. It is to 

be mentioned here that first mirror of beamline pre-optics (kept at a distance of 18.5 meters 

from centre of undulator source) will be deflecting beam in horizontal plane away from beam 

axis. As this mirror is kept at a constant angle, it will not play any role in preparation or 

optimization of layout, and same has not been considered for these purposes.  Optical layouts 

are computed under condition that grating is positioned in zero order. For layouts A(+,-) and  

B(+, +), height of optical components from ground level can be found by adding 

corresponding heights at different points of beamline with respect to photon beam axis and  

height of photon axis (140 cm). In case of layout B(-, -), height of optical components from 

ground level can be found by subtracting corresponding height with respect to photon axis 

from that of height of photon axis from ground. Formulation procedure and expressions for 

different parameters of layouts are given below: 



43 
 

 

Fig. 23: Schematic drawings of different optical layouts of AMOS beamline 

Case (a).  θ1>θ2 (for  A(+, -)  layout): 

Angle between reflected ray and axis at TM1   = 180-2θ1 

where θ1 is angle of incidence on TM1  

Distance between 2
nd

 mirror & entrance slit 

along beam axis (BC)       = -l1cos2θ1 

where l1 is distance between TM1 & entrance slit  

Height of entrance slit w.r.t beam axis (AC)    = l1sin2θ1 

Distance between ent. slit & TM2 along beam axis (CE)   = - l2cos2θ1 

where l2 Distance between entrance slit & TM2 

Height of TM2 w.r.t beam axis (DE)     = (l1+l2) sin2θ1 

Distance between 2
nd

 mirror & TM2 along beam axis (BE)  = - (l1+l2) cos2θ1 

Distance between TM2 & grating along beam axis (EH)  = l3cos2(θ1-θ2) 

where l3 is distance between TM2 & grating and  

θ2 is angle of incidence at TM2 

Height difference between TM2 and 

grating w.r.t beam axis (DF)      = l3sin2(θ1-θ2) 

Height of grating w.r.t beam axis (GH)    = DE- l3sin2(θ1-θ2) 

Distance between grating & exit slit along beam axis (HR)  = -l6cos2(θ3+θ1-θ2) 

where θ3 is angle of incidence on grating and l6 is the 
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distance between grating & exit slit 

Height of exit slit w.r.t grating (QS)     = l6sin2(θ3+θ1-θ2) 

Height of exit slit w.r.t beam axis (QR)    = QS + GH 

Distance between grating & mirror TM3 along beam axis (HL) = -l4cos2(θ3+θ1-θ2) 

where l4 is distance between grating & mirror TM3 

Height of mirror TM3 w.r.t grating (JK)    = l4sin2(θ3+θ1-θ2) 

Height of mirror TM3 w.r.t beam axis (JL)    = JK + GH 

Distance between mirror TM3 & sample along beam axis (LP) = l5cos2(θ3+θ1-θ2-θ4) 

where l5 is distance between mirror TM3 & sample S2 

Height of mirror TM3 w.r.t sample (MN)    = l5sin2(θ3+θ1-θ2-θ4) 

Height of sample (S2) w.r.t beam axis (NP)    = JK +DE-DF - MN 

Sample result  for  A(+, -)  layout under boundary condition θ1 > θ2: 

θ1 = 88.5
0
; θ2= 85

0
; θ3=84

0
; θ4=87.5

0
; l1=553.38cm; l2=400.0cm; l3=40.0cm; l6=361.62 cm; 

l4=511.62cm; l5=150.0cm; BC=552.62cm; CE=399.45cm; EH=39.70cm; HR=360.24cm; 

RL=149.43cm; LP=150.0cm; AC=28.96cm; DE=49.90cm; GH=45.02cm; QR=76.54cm; 

JL=89.61cm; NP=89.61cm: beam height in experimental hall = 140.0cm 

Case (b) θ1 < θ2  (for  B(+, +)  and B(-,-)_) layouts: 

Angle between reflected ray and axis at TM1       = 180-2θ1 

Distance between TM1 & entrance slit along beam axis (BC) = -l1cos2θ1 

Height of entrance slit w.r.t axis (AC)    = l1sin2θ1 

Distance between entrance slit & TM2 along beam axis (CE) =- l2cos2θ1 

Height of TM2 w.r.t axis (DE)     = (l1+l2) sin2θ1 

Distance between TM1 & TM2 along beam axis (BE)  =- (l1+l2) cos2θ1 

Distance between TM2 & grating along beam axis (EH)  = l3cos2(θ2-θ1) 

Height difference between TM2 and grating w.r.t beam axis (GF)  = l3sin2(θ2-θ1) 

Height of grating w.r.t beam axis (GH)    = DE+GF 

Distance between grating & exit slit along beam axis (HR)  = -l6cos2(θ2-θ1+θ3) 

Height of exit slit w.r.t grating (QS)     = l6sin2(θ2-θ1+θ3) 

Height of exit slit w.r.t beam axis (QR)    = GH-QS 

Distance between grating & mirror TM3 along beam axis (HL) = -l4cos2(θ2-θ1+θ3) 

Height of mirror TM3 w.r.t grating (JK)    = l4sin2(θ2-θ1+θ3) 

Height of mirror TM3 w.r.t beam axis (JL)    = GH-JK 

Distance between mirror TM3 & sample along beam axis (LP) = l5cos2(θ2+θ3-θ1-θ4) 

Height of mirror TM3 w.r.t sample (MN)    = l5sin2(θ2+θ3-θ1-θ4) 
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Height of sample w.r.t beam axis (NP)    = JL +MN 

Sample calculations for layout B: 

θ1= 87
0
; θ2= 88

0
; θ3=84

0
; θ4=85

0
; l1=553.38cm; l2=400.0cm; l3=40.0cm; l6=361.62cm; 

l4=511.62cm; l5=150.0cm; BC=550.35cm; CE=397.81cm; EH=39.98cm; HR=356.13cm; 

RL=147.72cm; LP=150.0cm; AC=57.84cm; DE=99.66cm; GH=101.05cm; QR=38.25cm; 

JL= 12.20cm; NP= 12.20cm; Height of beam axis w.r.t ground in experimental hall is 

140.0cm 

4.3 Finalization of optical layout 

To start with, heights of optical elements and total length of beamline have been 

computed in three different configurations. Variation of heights with angle difference 

between TM1 and TM2 are plotted in Fig. 24 along with photon beam axis. Optimization of 

optical layout has been carried out under constraints that first mirror can be placed only at a 

distance of 18.5 meters from centre of light source, total experimental hall length available 

for beamline to be 21.5 meters, and experimental area requires 3 meters along length of 

beamline. A comparison of different parameters of optical layouts is given in Table 4. Optical 

layouts employing new monochromator configuration i.e. B (+, +) and B (-,-) and existing 

one i.e. A (+,-) are not having much difference as far as dimensions of optical components 

and imaging are considered. 

Table 4: Comparison of parameters of optimized optical layouts for AMOS beamline 

 B (+,+) B (-,-)  A (+,-) 

 6 eV 250 eV 6eV 250eV 6 eV 250 eV 

Height of optical components w.r.t ground in cm 

TM1 140 140 140 

Entrance slit 197.84 82.16 168.96 

TM2 239.66 40.34 189.90 

VLSPGM 241.05 38.95 185.02 

Exit slit 178.25 101.75 216.54 

TM3 152.20 127.80 229.61 

Sample 152.20 127.80 229.61 

Mirror & grating dimensions (mm x mm) 

PM 87 x 7.4 40 x 1.3 87 x7.4 40 x 1.3 87 x 7.4 40 x 1.3 

TM1 149 x 8.0 26 x 3.6 149 x 8.0 26 x 3.6 298 x 8.0 53 x 3.6 

TM2 170 x 6.4 30 x 3.5 170 x 6.4 30 x 3.5 68 x 6.4 12 x 3.5 

VLSPG 150 x 5.7 12 x 3.1 151 x 5.7 12 x 3.1 152 x 5.7 12 x 3.1 

TM3 87 x 3.0 5.4 x 2.0 86 x 3.0 5.4 x 2.0 172 x 3.0 11 x 2.0 

Image size (μm x μm) 

Entrance slit 610 x 50 610 x 24 610 x 51 610 x 25 610 x 87 610 x 27 

Exit slit 616 x 36 616 x 37 615 x 35 616 x 37 617 x 46 616 x 38 

Sample position 639 x 44 616 x 39 638 x 43 616 x 39 603 x 65 616 x 41 
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Fig. 24: Variation of heights of different components of beamline with respect to photon 

  axis (in cm): 1 – A (+,-); 2 – B (+,+); 3. – B (-,-); 4 – photon axis. 

.  Layout A(+,-) as shown in Fig. 25  is out of consideration for final comparison 

because of large height of experimental station which is important for day to day utilization 

of beamline and other constraint of comparable ceiling height. 

 

Fig. 25: Optical layout of beamline with monochromator in A (+,-) configuration 

  Dimensions (cm) and not to scale 

The large height of monochromator in case of layout B (+, +), shown in Fig. 26, is 

negative aspect of configuration.  
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Fig. 26: Optical layout of beamline with monochromator in B (+,+) configuration 

  Dimensions (cm) and not to scale 

Thus B (-,-) layout as shown in Fig. 27 is considered as final layout because of  

reduced costs in support structures for beamline, ease of operation for conducting 

experiments and maintenance. 

 

Fig. 27: Optical layout of beamline with monochromator in B (-,-) configuration 

 Dimensions (cm) and not to scale 

4.4 Estimation of VLSPGM performance 

The VLSPGM performance characterization is carried out in following steps: 

1. Evaluation of varied line spacing (VLS) parameters of gratings in 

monochromator. 

2. Evaluation of bandwidth of monochromator. 

3. Evaluation of ultimate resolving power achievable with monochromator. 

4.4.1. Evaluation of varied line spacing parameters of gratings in monochromator 

 To evaluate beamline it is required to calculate VLS parameters of four gratings 

required to cover energy range of 6 to 250 eV. Nomenclature used for four gratings covering 

6-18 eV, 15-45 eV, 42-126 eV, 90-270 eV regions are very low energy grating (VLEG), low 
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energy grating (LEG), medium energy grating (MEG) and high energy grating (HEG) 

respectively. For this to start with, constant included angle between converging light from 

toroidal mirror and exit beam direction has been finalized as 168
0
, based on requirements of 

resolution. Using groove spacing N0 for a given grating and grating equation for a VLSPGM 

in Monk-Gillieson mount
61-62 

groove parameters have been calculated.  This is performed 

following methodology described by Amemiya et.al
63-64

. Following their methodology, for a 

VLS plane grating, number of grooves along width (w) of grating is given by 

 
 (48) 

The corresponding groove density variation can be expressed as 

  (49) 

 where N0 is central groove density of grating. 

The optical path function expression of grating is given by 

 (50) 

Each coefficient of optical path function consists of two terms i.e. one due to path 

difference between incident and diffracted beams and other due to variation in number of 

grooves along grating. First coefficient which corresponds to magnification is 

  (51) 

where r and r’ are entrance and exit arm lengths of monochromator. In this case r is behind 

grating and hence negative. Second coefficient of path function describes grating equation. 

By making grating equation 

  (52) 

where m is diffraction order (+1, inside order), λ is wavelength in Å, α and β are angles of 

incidence and diffraction respectively and requirement of a constant included angle of 168
0 

(α-β), angles α and β are calculated for 6eV photons 

α= 87.9674
0
, β= -80.0326

0
 

Remaining coefficients i.e. F200, F300 and F400 of optical path function give major 

contribution of different aberrations. As vertical aberrations determine resolution of 

monochromator, path function has been expanded along width of grating. 

Third coefficient F200 which corresponds to defocus can be made zero by a variation 

of groove parameter n20. Coefficient in case of plane grating can be written as 

 
 (53) 

Making defocus term i.e. F200 as zero at two wavelengths λ1= 1771.14Å and λ2=1033.17Å 

gives us parameter r’ 
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 (54) 

Inserting r’ into equation (53) gives us parameter n20 which is then equated to give a1.  

The fourth coefficient F300 corresponds to primary coma and depends on variation of 

groove parameter n30. F300 coefficient in case of plane grating can be written as 

 
 (55) 

Making primary defocus term i.e. F300 as zero at λ3=1377.56Å gives us parameter n30 which 

is then equated to give a2. 

The fifth coefficient F400 corresponds to spherical aberration and depends on variation 

of groove parameter n40. Coefficient in case of plane grating can be written as 

 
 (56) 

Making spherical aberration term, F400=0 at λ3=1377.56Å gives us parameter n40 

which is then equated to give a3. Using methodology described, coefficients for all four 

gratings are obtained. Results of evaluated parameters are shown in Table 5. Image 

evaluation of beamline has been carried out using parameters obtained from this computation. 

Table 5: Optimized groove parameters for VLS gratings 

 VLEG(6eV-18eV) 

70 l/mm 

LEG(15eV-45eV) 

175 l/mm 

MEG(42eV-126eV) 

490 l/mm 

HEG(90eV-270eV) 

1050 l/mm 

N0a1 -3.845 -9.62 -26.94 -57.78 

N0a2 0.0157 0.039 0.11 0.245 

N0a3 -5.7e-05 0 0 0 

4.4.2. Bandwidth evaluation of VLSPGM 

 Evaluation of resolving power of monochromator is a multistep process. In first step, 

band pass of monchromator which gives lower limit of resolving power of monochromator 

has been computed including effect of defocus, coma and spherical aberrations associated 

with plane grating, and widths of entrance & exit slit. Empirical formulations used for this 

purpose are discussed elsewhere
65

. Comparison of contributions estimated for our case using 

parameters of our VLSPGM as shown in Fig. 28 indicate that aberration contributions to 

bandwidth are much smaller compared to contributions due to entrance and exit slit widths as 

expected from these high resolution type monochromators. Thus in this case, band width, and 

in turn resolution practically depends on entrance and exit slit widths under assumption that 

slope error on grating in dispersion direction is very small i.e. ≤ 0.25 μrad.  
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Fig. 28: Aberration contribution to resolution for VLEG; 1- Spherical aberration, 2-  

 Coma, 3- Defocus, 4- Slit width, 5- Total 

4.4.3. Ultimate resolving power of monochromator by ray tracing 

 Ray tracing of monochromator has been performed using 50000 rays from an s-

polarized, randomly sampled source, without source depth consideration, having Gaussian 

type of distributions over space and angles and containing three photon energies. To improve 

resolving power, VLS parameters of gratings obtained have been optimized for all four 

gratings iteratively while simultaneously monitoring resolution performance of 

monochromator at energies used for obtaining VLS variation in gratings. It is to be 

mentioned here that results of this ray tracing do not include effects of entrance and exit slit 

widths. To see ultimate resolution from monochromator, ray tracing simulations have been 

continued by reducing energy separation between three photon energies in source and using 

optimized VLS parameters obtained in 6 to 250 eV energy regions. Ray tracing simulations 

are repeated for VLSPGM in M-G mount and new proposed optical mounting configuration 

for comparison of performances. Performances of monochromators in two configurations 

were found to be comparable. Resolving powers achievable by monchromator in beamline at 

different energies in new optical mounting configuration using VLEG, LEG, MEG and HEG 

gratings, has been tabulated in Table 6 and are shown in Fig. 29.  
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Fig. 29: Resolution performance of beamline using four gratings VLEG, LEG, MEG 

  and HEG using point source with Gaussian distributions 

Table 6: Resolving powers at different energies using point source 

VLEG 

Energy 

(eV) 

Resolving 

Power 

LEG 

Energy 

(eV) 

Resolving 

Power 

MEG 

Energy 

(eV) 

Resolving 

Power 

HEG 

Energy 

(eV) 

Resolving 

Power 

6 15000 15 25000 42 35000 90 40000 

9 8000 20 14800 60 17100 125 21500 

12 6000 30 8000 85 10600 175 12000 

15 4400 40 5700 110 7300 225 8650 

4.5 Image evaluation of beamline by ray tracing 

 Figs. 30-32 shows spot diagrams of images at entrance slit, exit slit, and at sample 

position of ray traced simulated undulator light source at lowest energy of operation of each 

grating. In this ray tracing simulation, grating was rotated to work in +1 order and both 

entrance and exit slit dimensions are considered to be infinite to pass all rays. It can be seen 

that images at different positions have contributions from defocus, coma, and spherical 
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aberrations. Another important point observed is that dimensions of images in horizontal 

direction are approximately 10 times larger compared to dimensions in vertical i.e. dispersion 

direction. Spot size at sample position with similar horizontal to vertical dimensions is 

possible by using a combination of two cylindrical mirrors instead of a single toroidal mirror. 

This will however have an effect on final intensity at sample position. 

 

Fig. 30: Image at entrance slit at lower energy of operation of each grating 

VLEG 6eV LEG 15eV 

MEG 42eV HEG 90eV 
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Fig. 31: Image at exit slit at lower energy of operation of each grating 

 

Fig. 32: Image at sample position at lower energy of operation of each grating 

  

MEG 42eV HEG 90eV 

VLEG 6eV LEG 15eV 

MEG 42eV HEG 90eV 

VLEG 6eV LEG 15eV 



54 
 

Using optimized VLS parameters of gratings, ray tracing simulations have been 

carried out further to find effect of entrance and exit slit widths on throughput and resolving 

powers of monochromator. Using “SLITS‟ option in SHADOW ray tracing software, 

resolution of monochromator for different entrance and exit slit widths have been evaluated. 

This evaluation has been repeated multiple times to obtain optimum entrance and exit slit 

widths at which both resolution and transmitted ray fraction of monochromator (the ratio of 

good diffracted rays out of monochromator to number of rays used for ray tracing) are 

maximized. deduced resolving powers computed for a fixed entrance slit width for four 

photon energies (corresponding to central position of energy range for a given grating) and 

corresponding transmitted ray fraction have been plotted in Fig. 33 and Fig. 34. 

 

Fig. 33: Resolution performance of monochromator using undulator source at fixed 

  entrance slit & varying exit slit widths 

 

Fig. 34: Transmitted ray fraction of monochromator using undulator source at fixed 

  entrance slit & varying exit slit widths 

 The variation of image size at sample position in horizontal and vertical directions for 

different photon energies is shown in Fig. 35. Source bandwidth corresponding to that of 
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resolving power is used for this ray tracing simulation. While vertical size increases with 

energy, horizontal size remains more or less constant. 

 

Fig. 35: Image size at sample position with energy for four gratings 1- VLEG; 2- LEG; 

  3- MEG; 4- HEG 

4.6 Reflectivity data of common optical coatings for SR beamlines 

 Gold, platinum being chemically inert are commonly used as optical coatings on 

substrate materials. Nickel is also a candidate material for optical coatings. However, Ni 

coatings will get oxidized with time even under ultra high vacuum conditions. Also Au 

coating may be ozone cleaned either with a plasma source or a UV pen-light. This cleaning 

obviously cannot be done on a Ni coating. However, in energy region of our interest, 

reflectivity performance of Au, Pt beyond 150 eV is poor for grazing angles used. Ni, 

however, shows much better reflectivity throughout energy range of 6-250 eV.  Recent 

results on amorphous diamond-like carbon coatings can make dream of any beamline 

designer reality as their performance surpasses that of any optical coatings even after using 

higher grazing angles. These coatings do not show any of disadvantages which are present in 

normal carbon coatings such as hydrocarbon contamination, peeling of coatings because of 

irradiation etc. However, effectiveness of DLC coatings greatly depend on density and those 

available till date are not very diamond like at all. Fig. 36 shows reflectivity plot of above 

coatings in energy range of 30-250 eV
66

. Low energy performance is more or less similar. 
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         Fig. 36: Reflectivity data of Au, Pt, Ni and DLC-3.0 coatings 

4.7 Diffraction efficiency of VLS plane gratings 

 Properties of diffraction gratings for grazing incidence use may be conveniently 

classified by surface profile. Grating efficiencies are strongly dependent on groove geometry, 

groove spacing, angle of incidence and wavelength. Until 1972 only mechanically ruled 

gratings were used at grazing incidence. Majority of these were shallow-blazed replica 

gratings having a saw-tooth profile. However, highest diffraction efficiencies in soft x-ray 

region were produced by laminar gratings having a rectangular profile. Laminar gratings are 

also useful for higher order suppression compared to other diffraction gratings. New 

recording procedures allow one to control both groove depth and groove width of laminar 

gratings. Starting point of optimization is given by scalar theory, which predicts for a laminar 

grating illuminated by wavelength λ an optimum groove depth given by
67

 

 
 (57) 

where α and β is angle of incidence and angle of diffraction respectively. 
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While optimum groove-width to groove spacing ratio is given by 

 
 (58) 

Optimization of these parameters is therefore required to obtain a good efficiency in 

energy range covered by grating. Four solid curves displayed in Fig. 37 show absolute 

efficiencies of gratings. Traces in figure shows that efficiency is larger than 10% between 6 

and 250 eV. An increase in grove frequency leads to a drastic reduction in maximum 

efficiency. A comparative study of diffraction efficiencies for all gratings using Au, Pt, Ni 

and DLC coatings are shown in Fig. 38. For this purpose REFLEC program has been used. 

 

       Fig. 37: Diffraction efficiencies of four VLS plane gratings 

 

Fig. 38: Efficiency comparison of diffraction gratings using 

1) Au 2) Pt               3) Ni             4) DLC 
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4.8 Intensity evaluation of beamline 

 Intensity at sample position is an important parameter of interest which apart from 

resolving power decides different experimental programs planned on a given beamline. 

Intensity is considered as photon flux per unit area at sample position. Photon flux at sample 

position is essentially proportional to flux delivered by central cone of undulator radiation. 

Reflectivity of mirrors, efficiency of gratings and beam intensity after entrance and exit slits 

are taken into account for flux calculation. Calculated flux at sample position is obtained 

using following expression: 

  (59) 

where  (60) 

  Here, N0(λ) is source flux in units of photons per sec at 0.1% bandwidth at wavelength 

of interest, TB is beamline transmittance, TG is grating efficiency, TRF is transmitted ray 

fraction (ratio of good rays diffracted out of monochromator and total number of rays used 

for ray tracing). R(PM), R(TM1), R(TM2), R(TM3)  are reflectivity‟s of first plane mirror 

(PM) and three toroidal mirrors TM1, TM2 and TM3 of beamline respectively, which are 

calculated using Fresnel‟s equation. 

Using nickel (Ni) as coating material for all optical components of beamline and 

formalism discussed in this section, flux at sample position is calculated in REFLEC and is 

shown in Fig. 39. It can be seen from Fig. 39 that flux at sample position has a sudden dip 

near Ni M-edge located around 67 eV. This sudden change in flux behavior at sample is due 

to error bars associated with measured optical constants near Ni edge up to 40 to 50% in 

literature
68

.  

 

Fig. 39: Flux at sample position for AMOS beamline using nickel as optical coating 
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4.9 Effect of surface imperfections 

 During beamline design it is rather easy to implement effect of slope error and 

roughness on imaging and resolution properties of beamline in BESSY ray trace program 

„RAY‟ used for beamline design in many European synchrotron radiation facilities. Same has 

been used for verifying results obtained using ray tracing program SHADOW. Limitation of 

RAY is poor modeling of undulator source. Results presented are therefore expected to 

improve by using photon source generated from WAVE/URGENT/SMUT.  Slope error and 

roughness on mirror and grating surfaces are taken from optical manufacturer website 

available over internet. However it is expected that present capabilities of manufacturers are 

better than considered specifications. Slope errors along tangential and saggital directions (in 

arc seconds) and RMS roughness (in Å) for plane mirror (PM), toroidal mirrors and VLS 

gratings are given as: 

parameter PM TM1, TM2, TM3 VLSPG 

Tangential slope error rms (arcsec) 0.2 0.5 0.1 

Sagittal slope error rms (arcsec) 0.2 1 0.1 

Rms roughness (Å) 5 2 2 

For our ray tracing purpose we have used inbuilt undulator modeling code available in 

ray tracing code, “RAY”. Ray tracing results for image at entrance slit, exit slit and at sample 

position are shown in Fig. 40 for 6 eV both in absence of surface imperfections and after 

incorporating slope error and roughness on surface of optical components. Image at exit slit 

and sample position shows a lot of coma. Since grating parameters have been optimized at 

energy different from that of 6 eV, a little bit of coma is justified as can be seen from 

SHADOW ray tracing results of same. Coma can again be attributed to poor modeling of 

undulator light source which uses hard edge divergence angles during ray tracing using ray 

tracing software, RAY. Slope and roughness affects distribution of rays around maximum by 

changing focusing property of ray and induce scattering making image at different positions 

more broad than usual.  
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Fig. 40: Image at entrance slit (a, d), exit slit (b, e) and at sample position (c, f) for 6 eV 

  both for ideal surface (a, b & c) and including surface imperfections (d, e & f) 

Comparison of attainable resolving power at lower end of energy of each grating has 

also been shown in Fig. 41 for above two cases. Resolving power deteriorates rapidly from 

ideal case as energy is increased. After including slope errors (errors because of limitation of 

accuracies during development process by supplier) introduced in optical components, 

resolving power gets deteriorated more at higher energies compared to lower energies. 

 

a 

b 

c 

d 

e 

f 
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           Without Surface Imperfections     With Surface Imperfections 

    

   

   

  

Fig. 41: Resolving power at lower energy of operation of each grating 

 

6±0.0006eV 6±0.0004eV 

15±0.00125eV 15±0.0006eV 

42±0.0028eV 42±0.0012eV 

90±0.006eV 90±0.00225eV 
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The ray tracing simulations ( with and without including slope error effects) show that 

size of image at entrance slit changes with energy which effects resolution one can achieve 

using a specific entrance slit width. However to find out effect of optimizing entrance slit 

width (required to account for smaller image sizes at entrance slit at higher energies), and to 

obtain more detailed resolution performance of beamline, ray tracing simulations have been 

carried out further. These simulations have been performed for different gratings covering 

energy range of 6– 250 eV after optimizing entrance slit width for each grating. Resolution 

data for VLEG, LEG, MEG and HEG gratings for five different energies are presented in 

Figs. 42-45. 

To find out reduced resolution for each grating using optimized VLS parameters, ray 

tracing simulations have been carried out for mirrors being supplied by different mirror 

manufacturing companies like Jobin Vyon, SESO, and CARL ZEISS (depending on 

capability of company especially with respect to lowest slope error that can be met). In our 

case it has been found that reducing entrance slit further is not improving resolution 

performance of beamline significantly. Main reason for this degradation is slope error in 

resolution determining direction on toroidal mirror in monochromator which provides 

converging light on VLS plane gratings. 

 To make an elaborate study, ray tracing simulations were performed by varying slope 

error on toroidal mirror corresponding to capabilities of standard synchrotron mirror suppliers 

CARL Zeiss (0.2 arcsec), Jobin Vyon (0.5 arcsec) and SESO (1 arcsec) and compare same 

for resolution performance with zero slope error on toroidal mirror at 6eV and 250eV 

energies. Results of this ray tracing simulations at 6 and 250 eV can be seen Figs. 46 and 47. 

From this it is clear that by using mirrors with reduce slope error of ≤0.2 arcsec on focusing 

toroidal mirror in VLSPGM we can get desired resolving power of order of 10000 in majority 

of energy range. 
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Fig. 42: VLEG resolution spot diagrams for an entrance slit of 50 μ using mirrors with 

  slope errors as given in section 4.9 
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Fig. 43: LEG resolution spot diagrams for an entrance slit of 30 μ using mirrors with 

slope errors as given in section 4.9 
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Fig. 44: MEG resolution spot diagrams for an entrance slit of 25 μ using mirrors with 

              slope errors as given in section 4.9  
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Fig. 45: HEG resolution spot diagrams for an entrance slit of 25 μ using mirrors with 

             slope errors as given in section 4.9 

  



67 
 

 

 

Fig. 46: Effect of rms longitudinal slope error of toroidal mirror in monochromator on 

      resolution at 6 eV for an entrance slit of 50 μ  

 

 

Fig. 47: Effect of rms longitudinal slope error of toroidal mirror in monochromator on 

  resolution at 250 eV for an entrance slit of 25 μ 

0.5’’; ΔE= ±0.0006eV 

 

1’’; ΔE= ±0.001eV 

 

NSE; ΔE= ±0.0004eV 

 

0.2’’; ΔE= ±0.0005eV 

 

0.5’’; ΔE= ±0.125eV 

 

NSE; ΔE= ±0.039eV 

 

0.2’’; ΔE= ±0.0625eV 

 

1’’; ΔE= ±0.2eV 
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      5. Thermal load on AMOS beamline Optics 

Thermal load calculation on AMOS beamline mirrors is an important aspect for 

design and development of an undulator based beamline. Though total power radiated from 

an undulator is comparatively smaller than bending magnet synchrotron radiation sources, 

power density is unusually large. This is because of narrow divergence of light emitted from 

an undulator. As a result thermal loads are higher and proper cooling methodologies need be 

applied to take care of thermal load which otherwise would result in reduced performance of 

beamline because of slope errors introduced. 

 In case of AMOS beamline, challenge is towards low energy end because of large 

number of undulator harmonic present when tuned to 6 eV (large K~12.45, gap of 23 mm). 

There is no way to avoid extreme temperature gradients but to cool pre-focusing optics and 

entrance slit of monochromator to get optimum performance. An analysis has been carried 

out to provide an understanding of effect of various parameters on effectiveness of cooling 

process and to finalize cooling strategy. Analysis is applied to determining cooling design 

steps needed to achieve low slope errors as well as high heat removal rate. It also provides 

information on material choices for mirror substrate and some guidance in process of 

developing candidate designs that must always precede finite-element calculations. 

5.1Basic ideas of distortion and cooling 

5.1.1. Overall thermal bending and stress considerations 

Let us suppose initially that we have a simple unrestrained rectangular beam subjected 

to a top-to-bottom temperature difference ΔT leading to a linear temperature variation 

through thickness. Result would be a top surface strain of α/ΔT and a thermal bending of 

beam without stress into a radius t/αΔT, where α is coefficient of thermal expansion of beam, 

L is its length and t is its thickness. Beam could be restored to straightness by end couples 

EIαΔT/t, which would produce a maximum stress EαΔT/2, where I is section moment of 

inertia and E is Young‟s modulus of mirror material. If instead beam were heated uniformly 

and restrained not to expand in either length or width directions, then a compressive stress 

EαΔT/(1-ν) would result, where ν is Poisson‟s ratio. This gives us an order of magnitude for 

stresses to expect when expansion is prevented. It also provides one reason why low values of 

ΔT are generally desirable, even if they are not mandated by distortion considerations. 

Although thermal bending effect is a well known potential problem in designing 

cooled mirrors, it is not universally present. For example, if only a small fraction of a mirror 

surface is heated, which is typical for undulator mirrors, and then thermal bending effect will 
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tend to be small. Even for bending magnet and wiggler mirrors, where larger areas can be 

illuminated, tendency to thermal bending can still be countered by a strategy of cooling and 

stiffening. Essence of strategy is to apply cooling so that heated region near mirror surface is 

as thin as possible and to make main (unheated) substrate thick enough to resist tendency to 

thermal bending. 

5.1.2. Mapping distortion 

This is local swelling due to direct expansion of heated material normal to mirror 

surface, which leads to a distortion that “maps” power density distribution. 

5.2 Cases of interest 

For extreme surface accuracy, most critical parameter is expansion coefficient, while 

for an extreme heat load, control of temperature is primary concern, and most critical 

parameter is conductivity and their temperature dependence. First plane mirror, toroidal 

mirror (M1), entrance slit of VLSPG monochromator and toroidal mirror (TM2) are cases of 

interest on which thermal analysis is carried out. 

5.2.1. Application of thermal analysis to plane mirror (PM) of AMOS beamline 

 One of important considerations in design of cooling mechanism for optical elements 

is angular distribution of frequency integrated power dP/dΩ from undulator
70

. Schwinger 

gave a general formula for an arbitrary electron trajectory which for electrons following a 

sinusoidal trajectory reduces to 

 
 (61) 

Here PT is total power, G(K) is a normalization factor given by 

 

 (62) 

Finally  is a factor which gives angular dependence as follows: 

 
 (63) 

where  (64) 

The result is complicated for general case and therefore is to be evaluated for limiting 

cases of deflection parameter K. 

 (65) 

 
 (66) 
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PPM undulator source of AMOS beamline when tuned to its lowest energy i.e. 6 eV, 

delivers lot of radiation containing photons with energies starting from 6 eV up to several 

keV (even and odd higher harmonics up to1000) with a deflection parameter of 12.45 and a 

gap parameter of 23 mm. At this energy thermal load (3.18 kW) is highest and limiting case 

K→∞ is a good approximation. Power and power density incident at this tune point energy on 

first mirror of pre-optics (plane mirror, PM) of AMOS beamline with an acceptance angle of 

0.8 X 0.8 mrad
2
 are given as 630 W and 0.67 W/mm

2
 respectively. To reduce power load on 

subsequent optical elements angle of incidence of first deflecting plane mirror (PM) is chosen 

as 85
0
. At this angle of incidence, majority of photons incident on first mirror with energies 

more than 1000eV are absorbed. This corresponds to 98% of total incident power on first 

mirror (PM). This incident power density of 0.67 W/mm
2
 leads to temperature gradients on 

surfaces of pre-optics of AMOS beamline. To obtain power density contours, whole mirror is 

meshed and power density in W/mm
2
 is calculated at each point by using relation 

 
 (67) 

where α is grazing angle of incidence and r is distance of point on surface from centre of 

undulator source. Using Q(x,y), temperature at both surfaces of hot wall, expansion of 

material in perpendicular direction  power density distributions of undulator when tuned to 

different energies are computed. Fig.48 shows contour plots of power density (W/mm
2
) on 

plane mirror for 6 eV and 250 eV respectively.  

 

Fig. 48: Contour plots of power density on plane mirror at a) 6 eV and b) 250 eV 

5.3 Comparison of substrate materials 

 The dominant thermal resistance is convective one for materials of high conductivity 

whereas for materials of low conductivity, conduction resistance is dominant. Mirror surface 

temperature increases monotonically with decreasing conductivity of substrate material. This 

(a) (b) 
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is an important consideration because it rules out some otherwise interesting materials, such 

as low expansion glasses. Most important parameter for good slope error performance is 

expansion coefficient. This quantity is involved in both conductive and convective terms that 

contribute to slope and its importance directs special attention to invar and other low 

expansion materials such as silicon, silicon carbide, molybdenum, etc. conductivity is 

important in determining temperature but, provided it is high enough to ensure that 

convection dominates, it has only a weak effect on slope
71

. 

5.4 Thermal load effects on pre-optics, entrance slit and focusing mirror 

TM2 of AMOS beamline 

To find temperature gradients and their variation across length and width of surface of 

mirrors finite element method (FEM) technique has been chosen. Details of FEM 

calculations, used boundary conditions on plane mirror (PM), toroidal mirrors (TM1 and 

TM2) of AMOS beamline, results of analysis and cooling strategies included to preserve 

resolution performance are discussed further below. Cooling of mirror surface is evaluated by 

flowing coolant in circular channel close to areas receiving more heat load due to undulator 

i.e. indirect cooling.  

5.4.1. Finite element analysis for first plane mirror (PM) 

First plane mirror of surface dimensions 200 mm x 20 mm x 30 mm along its length, 

width and thickness receive radiated power densities of order of 0.67 W/mm
2
.  For indirect 

cooling of mirror, a cooper block (200 mm x 12 mm x 12 mm) with circular cooling channel 

of diameter 8 mm is attached to plane mirror with a 0.5 mm thick indium foil placed between 

mirror and copper block for better thermal contact.  SOLID70  element with  3-D thermal 

conduction capability having eight nodes and a single degree of freedom (temperature), is 

useful for three dimensional  steady-state or transient thermal analysis. To obtain temperature 

gradients across mirror surface using heat flux as input and corresponding structural changes 

affecting surface profile of mirror, a three dimensional model of one quarter of mirror is 

created by using modelling tool for FEA calculations in ANSYS
72

. A 3-D model of one 

quarter (100 mm X 10 mm X 30 mm) of first mirror (PM) is shown in Fig. 49.  Fig. 50 shows 

3D mesh model used for further evaluation.  
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Fig. 49: One quarter of plane mirror model 

 

Fig. 50: Mesh model of mirror along with cooling channels 

 Thermal load on plane mirror has a distribution along width of mirror. Using heat flux 

values on 0.1×100 mm
2
 area, starting from origin, 100 heat flux values on it are used as input 

by defining 100 areas and gluing those using ANSYS. Silicon is chosen as mirror substrate 

material along with water & liquid nitrogen as coolants for this application. Expression used 

for calculation of heat transfer coefficient (h) is given by: 

  (68) 

where  is Nusselt number,  is Prandtl number and 

  is Reynolds‟ number. 

 Using properties of coolants, temperature dependent properties of materials of 

substrates, cooling channel materials
71, 73-77 

as given in Table 7 and Table 8, and calculation 

of heat transfer coefficient as described, finite element analysis has been carried out for this 

case.  
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Table 7: Properties of coolants 

Coolant 
Temp 

(°C) 

Density  

(kg/m3) 

CP 

(J/kg/°C) 

Thermal 

Conductivity kc 

(W/m/°C) 

Fluid dynamic 

Viscosity μ 

(kg/m/s) 

Fluid 

Velocity  

(m/s) 

Water 20 1000 4182 0.603 1.002 x 10
-3

 3 

LN2 -196 808.67 1040 0.14 0.01781 x 10
-3

 3 

Table 8: Properties of materials used in modeling at room & LN2 temperatures 

 

Ref. 

temp. 

(
0
C) 

Thermal 

Conductivity 

K (W/m/°C) 

Specific 

heat 

J/kg/°C 

Density 

kg/m
3
 

Young‟s 

Modulus 

N/m
2
 

Poisson‟s 

Ratio 

Thermal 

Expansion 

coefficient 

(
0
C

-1
) 

Si 20 148 750 2330 16 x 10
10

 0.22 2.6 x 10
-6

 

 -196 2000 178.5 2330 16 x 10
10

 0.22 -0.4 x 10
-6

 

In 20 81.8 232.89 7310 1.1 x 10
10

 0.45 32.1 x 10
-6

 

 -196 100 175 7310 1.1 x 10
10

 0.45 22.4 x 10
-6

 

Cu 20 398 385 8940 11.7 x 10
10

 0.33 16.5 x 10
-6

 

 -196 557 200 8940 11.7 x 10
10

 0.33 8 x 10
-6

 

The heat flux with distributed intensity is applied on reflecting surface of mirror as 

shown in Fig. 51. 

.  

Fig. 51: Heat flux variation on one quarter of mirror surface 

By applying incident heat flux on mirror and using heat transfer coefficient of coolant, 

reduction in temperature gradient distribution on top surface of mirror using side cooling has 

been obtined.  

5.4.1.1. Thermal and structural analysis 

The main aim of analysis is to calculate slope error on mirror surface which is result 

of contraction/expansion of mirror consequent of heat load. Results of thermal analysis need 

be coupled to structural environment by defining element type in structural environment. 

Structural environment properties are defined using Young‟s modulus, Poisson‟s ratio and 

thermal expansion coefficients of substrate material i.e. silicon. After defining structural 
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environment, analysis of thermal and structural changes on top surface will give temp 

contours on mirror surface. This can be obtained using nodal solution avaialble in general 

post-processor. In case of first mirror this analysis has been perofrmed using water coolent 

and liquid nitrogen at a flow rate of 3m/sec. In next step, using calculated heat transfer co-

efficient applied to circular cooling channel of copper block, thermal analysis is carried out 

and environment is solved to obtain temperature gradient distribution on mirror surface. 

Temperature distribution on surface and depth of mirror is shown in Fig. 52 in case of water 

and liquid nitrogen coolants respectively. 

 

Fig. 52: Temperature contours on mirror surface (a) water cooling: (b) LN2 cooling 

In structural environment using an indium foil between copper block and mirror, 

contacts are made. Two contacts made are between copper block and indium foil & indium 

foil with mirror using same coefficient of friction (0.2) for both contacts. Silicon mirror is 

clamped between two copper cooling blocks by applying a contact pressure of 10bar on 

copper surface in final application. Mirror is fixed in all degrees of freedom at bottom surface 

and imposed two boundary conditions are shown below in Fig. 53. 

 

Fig. 53: Applied boundary conditions applied on model 

Using boundary conditions described, structural environment has been solved. 

Expansion of materials considered for cooling mirror is shown in Fig. 54. Maximum 

(a) (b) 
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expansion is seen on indium foil because of its larger thermal expansion coefficient. 

expansion variation on mirror surface only is shown in Fig. 55. 

 

Fig. 54: Thermal Expansion for (a) water cooling; (b) LN2 cooling  

 

Fig. 55: Expansion on mirror surface for (a) water cooling; (b) LN2 cooling 

The nodes and corresponding displacements on mirror surface can be plotted by 

selecting nodes on mirror surface. A plot of change in displacement as a function of width of 

mirror and derivative of displacements at each node i.e. slope error (arc-seconds) along width 

of plane mirror will give surface imperfections produced because of thermal load consequent 

of cooling. displacements and correspondng slope errors on plane mirror PM are given in Fig. 

56 and Fig. 57. Negative expansion on mirror surface seen in case of liquid nitrogen cooling 

is because of negative thermal expansion coeeffient of silicon at liquid nitrogen temperature. 

(a) (b) 

(a) (b) 
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Fig. 56: Expansion variation with mirror width for (a) water cooling; (b) LN2 cooling 

 

Fig. 57: Slope error variation with mirror width for (a) water cooling; (b) LN2 cooling 

5.4.2. Finite element analysis for pre-focusing toroidal mirror (TM1): 

The second mirror of pre-optics (toroidal mirror, TM1) focuses light deflected from plane 

mirror (PM) on to entrance slit of VLSPGM. This mirror with dimensions 300 mm x 20 mm 

x 30 mm receive radiated power densities of 0.003 W/mm
2
. To increase photon intensities in 

energy range of 6–250 eV and to optimize divergence of light beam falling on resolution 

determining toroidal mirror (TM2) in VLSPGM, angle of incidence at this toroidal mirror 

(TM1) is chosen as 87
0
. As incident thermal loads on this mirror are relatively small, fused 

silica has been chosen as substrate material for mirror. Properties of fused silica required for 

purpose of these simulations are given in Table 9.  

Table 9: Physical properties of Fused Silica at room temperature 

Property at 293K 

Density 2200 kg/m3 

Thermal Conductivity 1.38W/m/°C 

Specific Heat 741J/kg/°C 

Young‟s Modulus 7.32 X 1010N/m2 

Poisson‟s Ratio 0.167 

Thermal Expansion Co-efficient 0.49 X 10-6/0C 

Reference Temperature 293K 

(a) (b) 

(a) (b) 
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To obtain temperature gradients across this mirror surface, following similar 

methodology used for first plane mirror, finite element analysis (FEA) has been carried out. 

Heat flux values required are on 0.1×150 mm
2
 area starting from origin. One quarter mirror 

with symmetry boundary conditions having 10mm × 150mm ×30 mm and 100 heat flux 

values on it are taken as input. In this case thermal and structural analysis of mirror is carried 

out with water cooling at a flow rate of 3m/sec. correspondng slope errors and displacements  

consequent of load on TM1 are given in Fig. 58. Based on results of water cooling with 3 

m/sec it is clear that thermally induced slope errors can be controlled to values which will not 

affect resoultion performance of beamline. 

.  

Fig. 58: Variation of (a) expansion; (b) slope error with toroidal mirror (TM1) width 

5.4.3. Finite element analysis for focusing toroidal mirror TM2 in VLSPGM 

Toroidal mirror TM2 is resolution determining and therefore requires stringent slope 

error requirement. Following same methodology described for PM and TM1 incident power, 

power density, displacement and slope errors on toroidal mirror TM2 have been evaluated. 

Corresponding results are plotted in Fig. 59. For this mirror it has been found that ambient 

cooling will be suffice to reduce induced slope errors within allowed limits. 

 

Fig. 59: Variation of (a) expansion; (b) slope error with toroidal mirror (TM2) width 

 

(a) (b) 

(a) (b) 
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5.4.4. Heat load calculation of entrance slit by using FEM 

The entrance slit of monochromator is generally in closed position and reflected light 

from second mirror (toroidal mirror TM1) is focussed on to it. Focussed light generates 

incident power densities of order of 7 W/mm
2
. Three dimensional model of slit with required 

design specifications and holding mechanism with cooling channel is created using basic 

modelling tool in ANSYS to look into requirement of a cooling strategy. Entrance slit is 

made of tantalum and holding mechanism is made of stainless steel. AUTO-CAD three 

dimensional model of slit is shown in Fig. 60. 

 

Fig. 60: Three dimensional model of entrance slit of VLSPGM 

 The heat transfer co-efficient needed for cooling is calculated by using standard  

empirical relations and it is 11837 W/m
2
K .The input in ANSYS is flux density and heat 

transfer co-efficient. Expected flux density is 7 x 10
7 

W/m
2 

on 1mm x 0.1 mm area on centre. 

Model needed for analysis is created using ANSYS modelling tool and is shown in Fig. 61. 

  

Fig. 61: 3-D model of entrance slit of VLSPGM 

 Entrance slit lit consists of horizontal and vertical apertures, and holding mechanism 

with circular cooling channel having different materials (different thermal properties) needed 

to define in ANSYS. Table 10 shows thermal properties of different materials considered for 
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thermal and structural analysis. brick8 node70 element is used to mesh mode with 2684 

elements and 7798 nodes as shown in Fig. 62. 

Table 10: Different thermal properties of Slit materials 

Material Density 

(kg/m3) 

Thermal Conductivity 

(W/m/K) 

Specific heat  

(J/kg/K) 

Stainless Steel 8000 16.2 500 

Tantalum 16690 57.5 140.11 

Glidcop 8840 365 385 

 

Fig. 62: Mesh model of entrance slit of VLSPGM for FEM analysis 

Using mesh model shown in Fig. 62, heat load is applied on front face of slit and heat 

transfer coefficient is applied on cooling channel area. After solving thermal environment 

temperature contours are obtained and are shown in Fig. 63. 

\ 

Fig. 63: Temperature gradient and contours on blades of entrance slit 

Temperature gradients have been calculated for different combinations of materials 

and corresponding temperature contours are shown below in Table 11. 
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Table 11: Temperature gradients on entrance slit for different sets of material 

Material 
Flux 

direction 

Temp Temp Contours 

 Min                                                         Max                                                                                            Min Max 

Glidcop Front 20.35 33.27 
 

Glidcop 
Wedge 

(45
0
) 

20.35 31.84  

Tantalum 

and S.S 
Front 20.04 106.77  

Tantalum 

and S.S 

Wedge 

(45
0
) 

20.04 97.48  

5.5 Ultimate resolution performance of beamline 

           Detailed thermal analysis of mirrors calculated show that first three mirrors and 

entrance slit require cooling either by water or by liquid nitrogen. Results of thermal analysis 

and following induced slope errors on surfaces of mirrors after applying appropriate cooling 

methodologies are consolidated in Table 12.  

Table 12: Thermal load analysis of AMOS beamline components 

Beamline 

component 

PInc(PAbs) 

(W) 

PDmax. 

(W/mm
2
) 

Coolant Max. 

Temp 

(
0
C) 

Min. 

Temp 

(
0
C) 

RMS Slope 

error 

(arcsec) 

PM 630 (617) 0.67 LN2 at 3m/s -186.88 -192.36 0.47 

 Water at 3m/s 49.82 24.70 1.98 

TM1 13 (6) 0.00344 Water at 3m/s 31.01 20.03 0.23 

 Ambient 72.92 61.93 0.22 

EntS 7 70 Water at 3m/s 97.48 20.04 - 

TM2 7 (1.8) 0.00315 Water at 3m/s 23.62 20.01 0.028 

 Ambient 32.08 28.46 0.033 

It is required to consider thermally induced slope errors and displacements on mirrors 

in optical design of beamline. By including manufacturer supplied data of slope errors after 

adding thermally induced slop errors for mirrors, ray tracing simulations have been carried 

out to obtain ultimate performance of beamline. From Fig. 64 it is clear that by using cooling 

strategies discussed in this section, performance of beamline is found to remain same with 

minor increase in size of images and a small reduction in transmitted ray intensity. 
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6eV      250eV 

 

Fig. 64: Effective resolution performance of beamline after including contributions 

              from manufacturing and thermal slope errors on three optical components 

             (PM, TM1 and TM2); (NSE: No slope error; MSE: Manufacturing slope error; 

             ASE: Al l (MSE and thermal induced) slope error)  

NSE; ΔE= ±0.039eV 

 

MSE; ΔE= ±0.0625eV 

 

ASE; ΔE= ±0.0625eV 

 

NSE; ΔE= ±0.0004eV 

 

MSE; ΔE= ±0.0005eV 

 

ASE; ΔE= ±0.0005eV 
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     6. Conclusions 

To obtain detailed optical design of the Atomic Molecular and Optical Science 

beamline, important radiation characteristics of the planar permanent magnet undulator light 

source are evaluated. The effect of changes in operation conditions of the electron storage 

ring consequent of installation of an undulator on important undulator parameters such as 

effective photon source size, divergence, flux, brilliance, undulator peak shift are studied. A 

new arrangement of the optical components in the VLSPG monochromator, to be used in the 

beamline, has been proposed to simplify the operation, maintenance and conduction of 

experiments apart from having less aberration at lower photon energies, smaller sizes of the 

optical components and reduced heights while working at higher grazing angles. This new 

configuration will lead to reduced costs in the support structures for the beamline. Thermal 

analysis has been performed (using finite element method, ANSYS) for obtaining induced 

slope errors on the first three optical components of the beamline. To limit induced slope 

errors, water cooling (3m/sec) for the first mirror (PM), first toroidal mirror TM1 and the 

entrance slit of the monochromator while ambient cooling for second toroidal mirror TM2 are 

proposed. Ray tracing simulations to obtain detailed optical design have been carried out 

using the beamline optics softwares, “RAY” and “SHADOW”. The results obtained using 

both the design codes have been found to match with each other. The beamline specifications 

obtained consequent of optical design and optimization of the optics are consolidated and 

presented below.  
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Beamline specifications 

1. Specifications of the mirrors 

S. No. Parameter PM TM1 TM2 TM3 

1 Distance from source (mm) 18500 19500 29033.8 34550 

2 Grazing angle of incidence 5
0
 3

0
 2

0
 5

0
 

3 Deflection Horizontal Vertical 

4 Substrate material Silicon Fused Silica 

5 Substrate Shape Plane Toroidal 

6 Illuminated area, L x W (mm
2
) 160 x 15 270 x 15 290 x 11 133 x 6 

7 Substrate geometry 

(length,width,height) in  mm 

200, 50, 40 300, 50, 40 300, 50, 40 150, 30, 40 

8 Useful polished area,  L×W mm
2
 190 x 45 290×40 290×40 142 x 22 

9 Radius of 

curvature (mm) 

Tangential ∞ 164725.2 114614.8 17210.6 

Sagittal ∞ 451.2 139.6 130.73 

10 Coating Material Au 

11 Coating Thickness(nm) 50 

12 rms slope error 

(arc sec) 

Tangential ≤ 0.2 ≤ 0.5 ≤ 0.2 ≤ 0.5 

Sagittal ≤ 0.2 ≤ 1.0 ≤ 0.5 ≤ 1.0 

13 rms micro roughness (nm) ≤ 0.5 ≤ 0.2 ≤ 0.2 ≤ 0.2 

14 Cooling Water Water Ambient No 

2. Specifications of the varied line spacing plane gratings (VLSPG) 

S.No. Parameter VLEG LEG MEG HEG 

1 Figure Plane 

2 Constant included angle (degrees) 168 

3 Deflection Vertical 

4 Energy range (eV) 6-18 15-45 42-126 90-250 

5 Line density N0 (lines/mm) 70 175 490 1050 

6 Substrate material Fused Silica 

7 Illuminated area, L x W (mm
2
) 180 x 10 170 x 8 80 x 6 68 x 6 

8 Substrate geometry   

(length, width, height) in  mm 

200,50,30 200,50,30 100,30,20 100,30,20 

9 Groove Profile Laminar 

10 Groove depth(nm) 296 95.62 45.62 19 

11 Duty cycle (groove width/ spacing) 0.66 0.62 0.64 0.65 

12 Coating Material Au 

13 Grating Efficiency ≥10% 

14 Coating Thickness(nm) 50 

15 rms slope error 

(arcsec) 

Tangential ≤ 0.1 

Sagittal ≤ 0.1 

16 rms micro roughness (nm) ≤ 0.2 

17 Line space variation 

parameters 

a1(mm
-1

) 2.7443 x 10
-4 

* 

a2(mm
-2

) 7.4850 × 10
-8

* 

a3(mm
-3

) 2.0274 × 10
-11

* 

18 Cooling Not required 
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3. Specifications of the slits: 

Specification Entrance slit Exit slit 

Distance from the source 25033.8mm 33050mm 

Vertical size  0-2000μ   0-2000μ   

Horizontal size  0.5-4mm 0.5-4mm 

Cooling Water No 

 

Based on the detailed beamline optics design, development of the beamline involving 

preparation of mechanical layout, detailed mechanical engineering design and procurement of 

optical, mechanical, vacuum, electronics and other alignment instruments will be taken up 

further.  
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