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beamline at Indus-2 
Jagannath, R.K.Sharma, U.K.Goutam, N. Mithal, U.S.Sule, S.C.Gadkari, J.V.Yakhmi 

and V.C.Sahni 

Technical Physics & Prototype Engineering Division 

Bhabha Atomic Research Centre, Trombay, Mumbai-400 085, India 

Phone : 91-22-255-95370  Email : ukgoutam@barc.gov.in 
 
 
Abstract 

This article describes the design and development of Hemispherical Deflector Analyzer 

that is especially designed to analyze high kinetic energy electrons (up to 15 keV) with an 

energy resolution (ΔE/E) of the order of ~10-4 for experimental station of PES beamline 

(BL-14) on Indus-2, a third generation synchrotron source at RRCAT, Indore.. With such 

a high KE analyzing capacity, this analyzer facilitates to measure bulk electronic 

properties of solids by the Photoemission Spectroscopy with Synchrotron Radiation 

preserving an energy resolution comparable to modern surface sensitive photoemission 

spectra. In order to attain better energy resolution over a wider kinetic energy range of 

electrons, we have designed and constructed a dedicated input lens system for the 

analyzer. It is further connected with a high stability power supplies, a low dark-count 

delay line detector and read-out electronics. The system has been designed and 

fabrication work is almost complete for testing.   
 
 
1. Introduction 

The Photoemission spectroscopy is a well established and one of the most 

powerful tool for both elemental (XPS, Auger) as well as band structure (ARPES) 

information [1-2]. The technique has advanced considerably through instrumental 

development, in particular that yielding improved energy and angular (momentum) 

resolution and sensitivity of electron energy analyzers. Also, the advent of third 

generation synchrotron sources has triggered intense research towards the development of 

various kinds of beamlines owing to the excellent properties of SR offered by them such 

as continuous, tunable, wide photon energy range (infrared to hard X-rays), high 
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brilliance, excellent polarization characteristics and a high degree of angular collimation 

(hence, resolution) [3-7]. In view of these properties of SR, photoelectron spectroscopy 

(PES) beamlines devoted to high resolution studies have been set up at most of the 

synchrotron sources in recent past and attempts have been made to measure core level 

and valence band spectra with increased bulk sensitivity[8-18]. Many technological 

problems yet remain and must be circumvented to efficiently analyze the high KE 

electrons. In this connection, we have developed a PES beamline utilizing a large energy 

range of SR (0.8 to 15keV) from the bending magnet of a high power third generation 

synchrotron source Indus-2 at RRCAT, Indore. The X-rays generated by synchrotron 

demands stringent requirements for beamline components. The main beamline 

components used to tailor synchrotron radiation so that they are adequate for novel 

applications and technologies are monochromator, mirror, slits, beam position monitors 

etc. We have developed most of these components indigenously like in order to exploit 

the large energy range high flux SR generated by Indus-2, a high energy range double 

crystal monochromator with resolution ~10-4 has been developed and is incorporated into 

the beamline [19]. A schematic layout of the beamline is shown in the Fig.1. The 

experimental station of the beamline mainly consists of two chambers, one for sample 

preparation and other one for KE analysis for emitted photoelectrons. A schematic layout 

of the experimental station is shown in Fig 2. A sample manipulator allows the samples 

to be transferred from one chamber to another. A hemispherical electron energy analyzer 

and a multi-channel detector are the main components attached with the sample analysis 

chamber. In this high energy PES  

 

 

 

 

 

 

 

 

Fig.1 A schematic layout of the PES beamline on Indus-2 
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beamline, electrons with KE up to 15 keV with an energy resolution better than 10-4 

(ΔE/E) need to be analyzed. These criteria are beyond the characteristics of any 

commercial or prototype analyzer available on the market. One characteristic that sets 

further constraints is that the design of the analyzer should keep the flexibility requested 

in PE experiments, e.g., a variable energy resolution and the capability to perform PE at 

low KE ~100 eV to compare bulk and surface sensitive spectra taken under equivalent 

conditions.  

In this paper, we report the design and development of a hemispherical deflector 

analyzer (HDA) with an electrostatic input lens system for experimental setup of PES 

beamline of Indus-2 dedicated to high energy (up to ~ 15 keV) photoemission 

experiments with greater resolution (ΔE/E~10-4) and more bulk sensitivity. In spite of its 

simple design, the present analyzer has been proved to be better in several respects such 

as better in magnification and image position and have more play with the focusing of the 

beam. In this analyzer, the sample remains away from the analyzer and a very high 

transmission of electrons is possible through the analyzer. Also, the spectrometer can 

work in both, CAE (Constant Analyzer Energy) and CRR (Constant Retarding ratio) 

mode. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2 PES beamline experimental station on Indus-2 
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1.1Principle of hemispherical energy analyzer  

The Hemispherical Energy Analyzer (HEA) is an electrostatic device used to 

disperse electrons as a function of their kinetic energy. It is analogous to a prism, which 

disperses light depending on its wavelength. It is widely used in electron spectroscopy 

due to favorable inherent focusing properties and ease of construction. The HEA consists 

of two concentric spheres with an applied voltage V1 for the inner shell and V2 for outer 

shell   

     V1 = 2Eo[(Ro/R1)-1]      ;      V2 = 2Eo[(Ro/R2)-1]                 (1) 

 

Where E0 is the energy of the electrons (pass energy) with radius Ro. R1 and R2 are inner 

and outer shell radii, respectively. The voltage difference between the two shells is  

 

ΔV = Eo[(R2/R1)-(R1/R2)]             (2) 

 

Eq.(2) shows that the dimension of the HEA is related with the pass energy. Normally, 

the outer shell radius is about 10-20cm, and the gap is about 40cm due to the 

consideration of collecting as big as possible angle acceptance for spectroscopic use. 

Neglecting the fringe field, to a low order approximation, the radial and azimuthal 

position (xi, yi) and angle (αi, βi) of an electron at the exit plane is:  

 

xi = -xo+2δ-2αo
2 ;  αi = -αo 

yi = -yo       ;  βi = -βo                   (3) 

 

where, δ is energy difference ratio defined as δ=(E-E0)/E0, E is the electron energy and E0 

is the pass energy. Eq.(3) shows the first order focusing (in terms of α) along the 

dispersion axis, and perfect focusing in the non-dispersive axis. The Fig. 3 (a) shows the 

dispersion plan of a hemispherical capacitor, together with three computed electron 

trajectories for different energies by SIMION. The Fig. 3(b) shows the focus properties of 

the HEA for different angles.  
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Fig.3 Focus of the HEA (a) Electrons with energies (E0-δ, E0, E0+δ), are dispersed at exit plan. (b) 

Electrons with different angles (α1, α2, α3) are focused at exit plan to first order. 

 

2. Design Features and Development of Analyzer 

In order to define the characteristics of the analyzer, many different types of 

electron spectrometer have been explored to see the feasibility for our aim to make an 

analyzer capable of analyzing very high kinetic energy (up to 15 keV) electrons with 

energy resolution (ΔE/E) of the order of ~10-4. The analysis led us to the class of the 

electrostatic spectrometers [20-23]. Among this class of spectrometers, the most common 

and efficient solution to obtain high energy resolution and parallel energy acquisition is 

the hemispherical deflector analyzer [24-26]. The superior quality of this design of 

analyzer exhibiting high energy resolution in photoemission measurements is nowadays 

widely proved. The present design of the analyzer resembles with these most current 

analyzers in which there are two concentric hemispheres of appropriate sizes with 

electrostatic cylindrical input lenses. The schematic 3D layout of the hemispherical 

deflector analyzer (HDA) is shown in Fig.4. Two hemispheres form a double focusing 

energy dispersing element that possesses a linear magnification almost ~20, producing, 

along the radial direction, a linear dispersion of the analyzed energy. These 

characteristics permit a relatively simple positioning as well as the use of a two 

dimensional electron detector for parallel energy acquisition. Also, the hemispherical 

dispersing elements allow fine control on energy resolution through both mechanical 

parameters (entrance slit, hemisphere radius) and polarization voltages (deceleration 

(a) (b)
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voltage, hemisphere voltages). Other electrostatic designs either do not allow double 

focusing, or present complex energy dispersion profiles.  

 

Present analyzer consists of nine electrostatic axially symmetric lenses for a total 

length of ~525 mm and the entrance plane of the lens is at ~20 mm away from the sample 

surface allowing ~400 angular acceptance. The input lens system provides different 

polarization for the passing electron beam without changing mechanical layout. The 

electron beam then enters the hemispheres through entrance slits. The electrostatic lenses 

focus the photoelectrons emitted from the sample onto the entrance slit of the dispersing 

element and, at the same time, reduces their energy in order to achieve required energy 

resolution. The whole system has been designed by repeated computer simulations using 

the electron optics program SIMION 3D 7.0. The accepted solid angle, which is 

optimized by the input lens, is usually limited to few degrees around the lens axis and 

critically depends from experimental parameters like energy range and resolution, spot 

size, working distance etc. It is widely observed that five lenses are enough for constant 

magnification and to position the image. Use of nine elements has led to many 

advantages over the classical four or five lens system as desired in our current 

applications for photoemission studies e.g. it helped to better of the magnification and 

image position and we have more play with the focusing of the beam. Use of more 

number of electrostatic lenses helped to get the sample away from the analyzer. It also 

provides the continuous retardation of the beam that leads very high transmission of the 

electrons through the analyzer. Thus nine elements lens system provides fixed image, 

constant magnification and better manipulation with the electron beam coming from the 

samples. The continuous retardation of the beam enabled to get smaller aberration and 

hence better resolution. Use of more lenses also provides different magnification modes 

which helps to get larger acceptance angle to improve filling factor. Larger filling factor 

provides better resolution. The 2D view of the hemispherical deflector analyzer 

representing electron-optical layout at a pass energy of 100eV and maximum energy of 

electrons ~6kV, is shown in Fig.5. Also, the potentials on the different electrodes for the 

same pass and maximum energies are given in the Table1 as simulated in SIMION. 
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The focusing properties of a hemispherical deflector analyzer (HDA) with a large 

inter-radial separation (ΔR/R~40%) depend critically on the placement of the analyzer 

entrance position (entry aperture centered at R0) and the value of the HDA potential V0 at 

R0 [27]. The HDAs with such large inter-radial separation, fringing field effects shift the 

first order focus of an ideal HDA, found at a deflection angle of 1800, to smaller angles 

well inside the HDA [28-31]. This shift leads to a badly focused image at the 1800 

detection adversely affecting the energy resolution of the HDA. In order to eliminate this 

effect it has been seen that [30] for particular combinations of R0 (< Ravg) and V0, the 

focus can be shifted back to the 1800 detection plane, practically restoring the HDA. In 

this HDA, we have adopted another approach to counteract fringing field effect according 

to which, by increasing the length of inner strip type geometry of electrostatic input 

lenses (as depicted in Fig.5), the fringing field effect reduces dramatically. This has been 

seen by performing repeated SIMION simulation. At an optimized length, it almost 

disappears leading to the better first order focusing and also accommodating large area 

position sensitive detectors for high detection efficiency. 

 

     

 

 

 

Fig.4 (a) 3D layout (b) Half-plane cross-sectional layout of hemispherical deflector

analyzer with input lenses 

(b) (a) 
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The main parameters controlling the performance of the hemispherical dispersing 

element are summarized into the calibration parameter K, defined as follows [25] 

 

 

 

 
 

Table 1 Potential on different electrodes at pass energy of 100eV  

(Maximum energy ~6keV) as simulated in SIMION 

First lens    :  -9362V 

Second lens    :  -5000V 

Third lens    :  -5130V 

Fourth lens    :  -1700V 

Fifth lens    :  -7775V 

Sixth lens    :  -7000V 

Seventh lens    :  -4500V 

Eighth lens    :  -4000V 

Ninth lens    :  -11900V 

Inner hemispherical electrode  :   50V 

Outer hemispherical electrode :  -150V 

 

Fig.5 Planar view of HDA with electron optical layout at pass energy of 100eV as

simulated in software program SIMION7.0 
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K = Δ E / Eo = (sin + sout) / 4R0 + (αout)2/4    (4) 

Eo being the pass energy of the main electron trajectory within the dispersing element. 

According to the first term, the relative energy resolution is inversely proportional to the 

mean radius Ro and proportional to the entrance (sin) and exit (sout) slit height. The second 

term in Eq. (4) is related to the angular divergence αout of the electron beam entering the 

hemisphere along the energy dispersing direction.  

Also, the relative energy resolution is given by 

 

ΔE/E = (ΔE/Eo)*(Eo/E) = K/R     (5) 

 

Where R=E/Eo is retarding factor. The input lenses reduce the energy of electrons from E 

to Eo to pass through the hemispheres. In order to analyze high energy electrons with high 

resolution, the input lenses must have a high retarding ratio with minimum loss in 

transmission. The mean radius of the hemispheres in this analyzer is ~200mm.  

 

Entrance slit of the analyzer consists of nine slit system with different dimensions 

for different energy resolution and transmission. Each slit is made with a pair of two slits 

mounted perpendicular to each other that limit the maximum admitted angle in the 

dispersing direction (αout) in order to make the angular term in Eq. (4) always equal to the 

first term. Double μ-metal sheet reduces the residual magnetic field at the center of the 

hemispheres below 20nT. The whole system is insulated with respect to ground up to 15 

kV.  According to Eq. (4) the K value is of the order of ~1.5*10-3 for hemispherical 

dispersing element. This corresponds to the energy resolution of about ~1.5*10-6 (for R= 

1000), two order better to what we need for our present purposes. By increasing the 

dimensions of the hemispheres, K parameter could be further lowered but then practical 

mechanical constrains and also the distortion effects amplified by long trajectories come 

into picture. Our developed lens system has been optimized for retarding factor (R) up to 

1500. The spectrometer is designed to work in both CAE (Constant Analyzer Energy) 

and CRR (Constant Retarding ratio) mode. Some important parameters of HDA are listed 

below in Table-2. 
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Table-2 Important Parameters of HDA 

 

Energy Range    :  0.8-15 keV 

Energy Resolution (ΔE/E)  :  <10-4  

Vacuum Order    :  ~10-9 mbar 

Hemispheres inner radius (R1)  :  160mm 

Outer radius (R2)    :  240mm 

Mean radius (R0)    :  200mm 

K value (ΔE/Eo) minimum   :  1.5x10-3  

K value maximum    :  3.0x10-2  

R (=E/Eo)     :  1-1500  

 

3. Detection of high energy electrons 

For detection of high energy electrons from HDA, a high resolution 2D imaging 

and timing device MCP (Micro-channel Plate) detector with delay-line anode having 

linear active diameter ~80mm (DLD80, RoentDek), will be used which can detect charge 

particles or photons at high rates with multi-hit capability. 

The standard delay-line position detector consists of a chevron multi channel plate 

array for pulse amplification and an in-vacuum readout unit consisting of crossed coils. 

The MCPs are supported by a pair of partially metallized ceramic rings and a 2D position 

sensitive delay-line anode (helical wire pair). The operation requires two DC voltages for 

MCP front and back contacts and three voltages for support plates. Individual power 

supplies will be used for biasing of the MCP stack and delay-line anode.  

 The position of the detected electrons is encoded by the signal arrival time 

difference at both ends for each parallel pair delay-line, for each dimension 

independently. While the signal speed along the delay-line is close to speed of light in 

vacuum, one can define a perpendicular signal speed given by the pitch of one wire loop 

(typically 1mm) and the time, which a signal needs to propagate through this loop. This 

defines the single pitch propagation time per 1mm.  
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Fig.4 Operation principle of the delay-line anode 

 

The difference between signal arriving times at the adjacent ends of each delay-

line is proportional to the position on the MCP in the respective dimension. The sum of 

these arrival times is constant (within the time resolution of about 1ns) for each event. 

The time sequence of the signals can be measured by two time-to-amplitude converters 

(TAC) or an n-fold time to digital converters (TDC). As time reference signal on the 

MCP back or front side can be used. 

 

For the DLD detectors, the digital encoding to receive a 2d digital image (X/Y) is 

 

X = x1 - x2         and         Y = y1 – y2     (6) 

 

with x1, x2, y1 and y2 denominating the TDC channel number for each event. The fast 

timing signal picked up from an MCP contact or, in the case of a pulsed particle/photon 

source, a “machine trigger” signal can serve as time reference. The signal pitch 

propagation time on the delay line is about 0.95ns for this model DLD80. Thus the 

correspondence between position and time in the 2d image is twice this value i.e. ~1.9ns 

accurate within 5% and are slightly different for each dimension. In order to calculate the 

position in mm from the digital values, one has to take in to account the bin width of 

TDC and the single pitch propagation time for the respective layer. 
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4. Conclusion 

We have designed and developed a high energy and high resolution hemispherical 

deflector analyzer for the PES beamline at Indus-2. The analyzer is primarily designed to 

analyze high KE (800 eV to 15keV) photoelectrons with the energy resolution better than 

10-4. The resolution can further be improved by reducing the size of entrance aperture by 

using shorter dimension slits and by increasing retardation. The nine elements input lens 

has led to greater flexibility than other commercial analyzers. It would allow higher 

retardation factor to be employed (present lens system is optimized for the retardation 

factor of ~1500) which implies much higher resolution work would be carried out over a 

wider kinetic energy range. It would also allow the lens magnification and hence the 

sensitivity to be maintained with better control as the retardation factor is varied. The 

whole system (analyzer, detector and power supplies etc.) which forms experimental 

station of PES beamline is under installation process at Indus-2. The fabrication work of 

the analyzer has been completed. This analyzer would enable the PES to measure bulk 

electronic properties in those materials like transition metal oxides and other strongly 

correlated system characterized by important surface effects. Moreover, high energy 

photoemission can provide information on the electronic properties of buried layers and 

interfaces, a class of systems of high technological interest. 
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