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Abstract:  Electrostatic analyzers (ESAs) are used in electric propulsion to measure the 

energy per unit charge ╔▲ϳ  distribution of ion and electron beams, in the downstream 

region of thrusters for example. This paper serves to give an overview of the most 

fundamental, yet most widely used, types of ESA designs. Analyzers are grouped into two 

classifications: (1) mirror-type analyzers and (2) deflector-type analyzers. Common mirror -

type analyzers are the parallel-plate mirror analyzer (PMA) and the cylindrical mirror 

analyzer (CMA). For deflector type analyzers, a generalized toroidal type is first described 

and the commonly used cylindrical deflector (CDA) and spherical deflector (SDA) analyzers 

are discussed as special cases. The procedure for energy resolution calculations of ESAs is 

described, which is a common way of comparing analyzers. Finally, we present ion energy 

distributions from a SDA, comparing variations in particle energy, particle angle, entrance 

and exit geometry, and sector angle using both numerical calculation and particle 

simulation. 
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Nomenclature 

Symbol Units Description 

ὃȟὄȟὅȟὲ - Constants for FBW/HBW energy resolution equations 

ὥȟὦȟὧȟὲ - Constants for FWHM energy resolution equations 

ὥᶻȟὦᶻȟὧᶻȟȟὓȟὈᶻȟὰ - Constants for energy resolution equations 

ὥ  - Angular coordinate for particle motion 

ὄᴆ (T) Magnetic field 

ὦ (m) Half slit width 

ὦ - Angular coordinate for particle motion 

ὅ - Analyzer constant 

ὧ - Toroidal factor 

Ὀ  (m) Coefficient of energy dispersion 

Ὀ (m) Axial energy dispersion coefficient for mirror analyzers 

Ὠ (m) Distance 

Ὁ έὶ Ὁ (eV) Range of particle energies or a selected particle energy in the beam 

Ὁ (eV) Transmission (TE) or pass energy 

Ὁᴆ (V/m) or (N/C) Electric field 

ɝὉ ὊὡὌὓ (eV) Full width at half of the maximum height of the energy transmission 

function  

ɝὉ Ὂὄὡ (eV) Base energy resolution; full width of the energy transmission function 

ɝὉ Ὄὄὡ (eV) Half the base energy resolution 

ЎὉ (eV) Individual particle energy relative to the pass energy of the analyzer. 

ЎὉ

Ὁ
 

- Energy resolution 

Ὡ ρȢφπςς ὼ ρπ  (C) Elementary charge unit 

Ὂᴆ (N) Force acting on a charged particle 

Ὢ - Transmission, fraction of transmitted particles 

Ὣ (m) Half of the gap width between the analyzer electrodes 

Ὤ (m) Ideal field boundary to electrode separation distance 

ὐ (A) Beam current 

ὑ - CMA coefficient 

Ὧ - Calibration factor, reciprocal of the analyzer constant ὅ 

Ὧ  (J/K) Boltzmann constant 

Ὧ  - Matsuda plate distance factor 

ὒ (m) Source to image focusing length 

ὓ - Linear magnification coefficient 

ά (kg) Mass 

ά (kg/s) Mass flow rate 

ὲ (m
-3
) Particle density 

ὖ (torr) or 

(A/V
3/2

) 

Pressure or 

Perveance 

ή (C) Charge of a particle 

Ὑ  - Ratio of beam radius to minimum beam radius 

ὶ (m) Radius 

ὶ (m) Minimum space charge beam radius 

Ὕ (N or K) Thrust or temperature 

ὸ (m) Trace width 

ὠ (Volts) Voltage 

ὠ (Volts) Analyzer entrance/exit potential 

Ўὠ (Volts) Voltage difference across plates/sectors 
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I. Introduction  

lectrostatic analyzers (ESAs) are used in electric propulsion to measure the energy per unit charge Ὁήϳ  

distribution of ion and electron beams, in the downstream region of thrusters for example. The Electric 

Propulsion Technical Committee (EPTC) of the American Institute of Aeronautics and Astronautics (AIAA) was 

asked to assemble a Committee on Standards (CoS) for Electric Propulsion Testing. The assembled CoS was tasked 

with developing Standards and Recommended Practices for various diagnostic techniques used in the evaluation of 

plasma devices and plasma thrusters. This paper presents a partial summary of the Standard being developed for 

ESAs. 

ESAs have a wide range of designs due to the fact that many configurations can be made which curve the 

trajectories of particles. This standard serves to give an overview of the most fundamental, yet most widely used, 

types of ESA designs. Analyzers are grouped into two classifications: (1) mirror-type analyzers and (2) deflector-

type analyzers. 

Mirror-type analyzers are designed based on electric fields in which particles are first retarded (decelerated), 

then re-accelerated. Two common mirror-type analyzers are discussed: the parallel-plate mirror analyzer (PMA) and 

the cylindrical mirror analyzer (CMA). 

In deflector-type sector field analyzers, the energy of charged particles remains approximately constant along a 

circular optic axis. For deflector type analyzers, a generalized toroidal type is first described. Then, the commonly 

used cylindrical deflector (CDA) and spherical deflector (SDA) analyzers are discussed as special cases of the 

toroidal type. Many types of ESAs designed for wide field of view and spaceflight are based upon the toroidal ESA. 

The pass energy (transmission energy) of an ESA is determined by the voltage potentials applied to the 

electrodes and the analyzer constant, which depends on its geometry. The procedure for energy resolution 

calculations of ESAs is described, which is a common way of comparing analyzers. 

A. Applicability  

In electric propulsion, an electrostatic analyzer is used to measure energy of charged particles in the plumes of 

thrusters. The beam energy is related to the beam velocity, and, additionally knowing the flux of particles from a 

thruster enables thrust measurement (Goebel and Katz 2008). Thrust is the force generated by a propulsion device 

according to the rate of expelled mass ά multiplied by the exhaust velocity of the particles. In electric propulsion 

devices, ion beam velocities range from 5000 m/s to above 100,000 m/s, corresponding to typical ion beam energies 

from the low 10s of eV to above 10,000 eV (Jahn and Choueiri 2002). 

Energy measurements of the thruster plume are also of interest for determining how the plume will interact with 

the surrounding environment. Also, since an electrostatic analyzer is an energy filter, it can also be used in 

experiments to selectively transmit charged particles of particular energy. This is useful in mass spectrometers for 

example that require narrow energy bands for mass separation. 

There are three basic means of measuring the energy of charged particles in a beam (Moore, et al. 2009). These 

involve measuring: the time of flight over a known distance, the retarding potential required to stop the particles, or 

the extent of deflection in an electric, magnetic, or electromagnetic field. This standard will discuss a subset of third 

method; particle deflection and analysis using static (time invariant) electric fields, thus calling the resulting devices 

electrostatic analyzers, or ESAs. The use of magnetic fields will not be included. The following is a brief description 

ὠ (Volts) Potential of the plasma where ions are created 

ὺ (m/s) Velocity 

ύ (m) Width of the entrance/exit slits of the analyzer 

ὼȟώȟᾀ (m) Cartesian coordinates for particle motion 

ᾀ - Charge state of a particle (integer number) 

 (radians,°) Acceptance half angle of the analyzer in the dispersion plane 

 (radians,°) Acceptance half angle of the analyzer normal to the dispersion plane 

 Relative deviation of kinetic energy - 

• (°) Particle beam entrance angle, analyzer angle 

‗ (m) Mean free path 

ɱ (Ohms) Resistor value 

” - Resolving power, reciprocal of energy resolution 

E 
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of all three methods of charged particle separation, helpful in comparing the use of ESAs in relation to other 

methods. 

1. Characteristics of time of flight analysis 

The kinetic energy of a charged particle (Ὁ) can be measured by recording the time it takes the particle to move 

from one position to another, which is called time of flight analysis. Because the velocities of charged particles are 

generally high, where the analyzing flight distance is in the range of a few centimeters, the response time of the 

analyzerôs electronics needs to be on the order of a few nanoseconds (Moore, et al. 2009). Time of flight analyzers 

are generally used for the analysis of electrons with energies less than 10 eV and ions below 1 keV (Moore, et al. 

2009). 

2. Characteristics of retarding electrostatic field analysis 

The kinetic energy distribution in a charged particle beam can also be measured by applying a retarding 

electrostatic field along the beam path (M. Yavor 2009) (Simpson, Design of Retarding Field Energy Analyzers 

1961). The energy per unit charge (Ὁήϳ ) analysis of the beam is made by placing a grid or aperture in front of a 

particle detector (also called a collector) and varying the detectorôs potential while recording the collected current 

(Moore, et al. 2009). This device is commonly called a retarding potential analyzer (RPA). The current recorded at 

the collector is the integrated current of particles whose energy exceeds the potential established by the grid (Moore, 

et al. 2009), which forms a high-pass filter (Roy and Carette, Electron Spectroscopy for Surface Analysis 1977). To 

obtain the energy distribution, the integrated current is differentiated as a function of retarding potential. A 

drawback is that only the component of velocity normal to the retarding grid is selected (Moore, et al. 2009). Other 

difficulties include the development of focusing effects due to the variable nature of the ratio of the initial energy to 

the energy at the retarding potential grid, and potential ñsagò between discriminating electrodes (Enloe and Shell, 

Optimizing the energy resolution of planar retarding potential analyzers 1992). Particles that approach the retarding 

grids at slightly off axis angles are often deflected away from the collector. This makes the transmission of the 

analyzer unpredictable, especially near the peak energies of interest. Space charge buildup and stray electric and 

magnetic fields can also be present near the retarding grid that prevents low energy particles from passing through 

the grid when desired (Green 1970) (Moore, et al. 2009). 

3. Characteristics of electromagnetic (electric or magnetic field) analysis 

The third approach to measuring particle energies is to pass the beam through an electric, magnetic, or 

electromagnetic field. When using static electric fields, the instrument is called an electrostatic analyzer (ESA). 

Static electric fields are more commonly used than shaped magnetic fields because they are generally easier to 

produce. Electrostatic analyzers are used for particle energies up to several keV while magnetic analyzers are used 

for very high energy particles due to the large electrical biases that would be required for effective particle analysis 

(Moore, et al. 2009). A wide range of energy analyzer designs exist; however, in all types of electrostatic devices, a 

charged particle is separated according to its energy per charge Ὁήϳ  rather than its absolute velocity. 

II.  Schematic / Design 

A diagram and picture of a spherical deflector (SDA) type electrostatic analyzer, representative of ESAs in 

general, are shown in Figure 1. Particles enter the analyzer at the source plane and exit at the image plane. The 

analyzer geometry and applied voltages are chosen such that charged particles of a particular energy Ὁ ήϳ , called 

the pass or transmission energy, curve along a prescribed path called the optic axis of the analyzer. The voltage 

difference between the plates Ўὠ, transmission energy, and geometry are related through equation (1), where ὅ is 

the analzyerôs geometrical constant. 

Ўὠ Ὁ ήϳ  ὅ (1) 
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The function of the electrostatic analyzer is to separate charged particles according to their energy per charge. 

The main part of the ESA is a set of one or more electrodes, either flat or curved, that are biased to produce an 

electric field to curve the particles. The amount of deflection depends on each particleôs initial energy to charge 

ratio, therefore enabling positional separation of particles based on energy. 

The geometric size of the analyzer is chosen based on consideration of the desired energy resolving power as 

well as practicalities of overall dimensions, weight, and machinability. For analyzers designed to be flown in space 

as well as maneuvered in vacuum chambers with motion equipment, the volumetric size is typically on the order of 

100ôs of cm
3
 to 1000ôs of cm

3
, and the mass is in the low kg range. Smaller designs have been manufactured that 

occupy as little volume as 1.5 cm
3
 (C. Enloe 2003). 

Figure 2 shows examples of particle trajectories passing through a spherical deflector analyzer. The x-z plane is 

the deflection, or dispersion, plane. A local coordinate system follows the particle along the optic axis, with x and y 

describing the particle position relative to the axis. The entrance is position 1 and the exit is position 2. 

At the entrance, particles can deviate directionally through the half angles  in the dispersion (x-z) plane and 

 in the perpendicular (y-z) plane, defined in equation (2). The analyzer geometry determines where the particles 

are refocused in the () deflection plane (at a particular • about the y-axis), and if they are refocused in the () y-z 

plane. 

Particles that start on axis (ὼ π,  πЈ) but have energy Ὁ Ὁ end up with ὼ π as they donôt have 
enough energy to stay on axis given the strength of the electric field. Conversely, particles with energy Ὁ Ὁ have 

too much energy to stay on axis. This is the basis of positional energy separation. 

a) 

 

b) 

 
Figure 1. a) Diagram and b) photograph of an electrostatic analyzer made by Plasma Controls, LLC. 

ÔÁÎ
ὺ

ὺ
 

ÔÁÎ
ὺ

ὺ
 

ὺ ὺ ὺ ὺ ὺ ÔÁÎ ÔÁÎ ρ 

(2) 
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Particles typically enter and exit through slits of (generally equal) width ύ in the x direction and thin height in 

the y direction. Particles of energy Ὁ Ὁ and angle  πЈ entering at ὼ  crossover the optic axis and exit 

at ὼ ᶸ . By optical analogy, all of the analyzers discussed herein are said to have a linear magnification 

coefficient ὓ ρ, where the image of the object at the image plane is the same size but inverted. 

 
Figure 2. Particle trajectori es through a 180° spherical deflector analyzer with angular, energy, and 

positional variation. 

A detector can be placed at the downstream end of the exit slit to record the current of charged particles that exit 

the analyzer section. In the laboratory setting with an electric propulsion plasma device, the y-axis of the distribution 

function would typically be a current in the low microamp (mA) to picoamp (pA) range, scaling closely with the 

current density at the entrance slit. In general, entrance and exit slits help increase the resolving power and mitigate 

fringing electrostatic fields. 

The analyzer can be operated as either a spectrometer (spectrometric mode) or a spectrograph (spectrographic 

mode) (Young, Space Plasma Particle Instrumentation and the New Paradigm: Faster, Cheaper, Better 1998). In a 

spectrometric mode, the energy Ὁήϳ  of the particle beam is analyzed by varying the electric field (thereby sweeping 

the pass energy Ὁ ήϳ ) and measuring the fraction of transmitted particles at a detector. The resulting current versus 

energy plot is called an energy transmission function, or an energy distribution function. Specifically, it is called an 

electron energy distribution function (EEDF) for electrons and an ion energy distribution function (IEDF) for ions. 

In a spectrographic mode, a range of energies are measured simultaneously by position sensitive detectors or a 

combination of detectors. 

Desirable qualities of an analyzer include a small energy passband, large transmission, and accurate focusing. 

Two common terms that measure the quality of the analyzer are the energy dispersion, Ὀ , and the trace width, ὸ 

(Rudd, Low Energy Electron Spectrometry 1972). The energy dispersion is the displacement of the image point per 

unit fractional change in (particle or analysis) energy. The trace width is the spread in the image for a monoenergetic 

point source due to the divergence half angles  and  of the particle beam. A large dispersion and small trace width 

increase analyzer resolving power. 

The equation that describes the particle position at the imaging plane involves ὄ  and ὅ  terms, which 

describe aberrations (imperfections) to the image. An analyzer that perfectly focuses a particle beam would have no 

aberration effects (ὄ ὅ π). The order of focusing is (ὲ ρ in each direction. Higher order focusing is desired 

for less dependence on the divergence angles, and will give higher transmission current at the detector (Rudd, Low 

Energy Electron Spectrometry 1972). For the analyzers described in this standard, focusing is either first or second 

order in  and . 
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A l ist of particularly good review articles and references that provide information concerning the design of the 

most widely used analyzers is given in Appendix A: Additional References for ESAs. 

A. Particle Energy 

In electric propulsion applications, the kinetic energy of a particle comes from thermal energy plus energy 

gained through acceleration in electric and/or magnetic fields. The thermal velocity is typically small compared to 

the velocity gained due to electromagnetic forces. 

Consider, for instance, an ion thruster with plasma potential ὠ with respect to ground potential (vacuum 

chamber ground or spacecraft ground), as shown in Figure 3. An ESA can be used to measure the energy of particles 

originating from the plasma source. In this case, according to time invariant energy conservation, an ion from the 

plasma source with charge ή ᾀὩ will pass from a region at potential ὠ to the analyzer entrance at potential ὠ. The 

kinetic energy gain Ὁ ήὠ ὠ ᾀὩὠ ὠ  is equal to the particleôs potential energy loss. The velocity of 

the particle upon entering the optic axis of the analyzer is then given by equation (3), where, in classical mechanics, 

we consider the particle velocity to be much less than the speed of light. 

 
Figure 3. Illustration of how an ESA might be used in electric propulsion applications to measure the energy 

per charge of charged particles. A plasma source is shown that produces energetic ions due to the 

accelerating potential ╥▬. Singly charged ions and doubly charged ions will have different energies but the 

same energy to charge ratio, ╔▲ϳ . 

The basis for charged particle analysis using electric and/or magnetic fields is given by the simplified Lorentz 

force relation of equation (4), that a particle with charge ή will experience a force Ὂᴆ due to an electric field Ὁᴆ. The 

particle velocity ὺ does not figure into the equation since the magnetic field strength ὄᴆ is zero in an ESA. The 

analyzers discussed herein use electric fields to change a particleôs direction, and may also change its velocity 

magnitude along the analysis path. The charge ή on the particle is equal to the charge state ᾀ (integer number of 

charge units) multiplied by the elementary charge unit Ὡ, where ᾀ can be Ó 1 for ions, Ò -1 for negatively charged 

particles, or -1 for electrons). 

Ὁ ήὠ ὠ  
ρ

ς
άὺ  έὶ  ὺ

ςὉ ήϳ ᾀὩ

ά

ςᾀὩὠ ὠ

ά
 (3) 
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Particles with the same energy to charge ratio will follow the same trajectory due to the influence of the electric 

field. This means that ions with equivalent Ὁήϳ  values but of different mass to charge state ά ήϳ  ratio cannot be 

distinguished using only electrostatic deflection (M. Yavor 2009). To distinguish mass and/or charge state, other 

instruments such as time-of-flight analyzers, electromagnetic analyzers (magnetic filters, ExB filters), or oscillating 

electric field analyzers (quadrupole) must be used. 

B. Mirror -Type Electrostatic Analyzers 

Mirror-type analyzers are designed based on fields in which particles are retarded, then re-accelerated. Mirror 

analyzers typically have a smaller dispersion to magnification ratio at the same path length compared with curved 

plate analyzers, but can have attractive features such as higher order of focusing or larger spatial acceptance (M. 

Yavor 2009). In this section we consider conventional parallel mirror analyzers and cylindrical mirror analyzers. 

Spherical mirror analyzers exist, proposed by Sar-El (Sar-El, More on the spherical condenser as an analyzer I. 

Nonrelativistic Part 1966), but are not widely used and therefore not discussed. 

1. Parallel Plate/Plane Mirror Analyzer (PMA) 

A parallel plate electrostatic analyzer creates a uniform field by placing a potential difference across a pair of 

plane parallel plates, as shown in Figure 4. This analyzer is also called a plane mirror analyzer (PMA). The particles 

enter the probe at an angle • with respect to the (horizontal) entrance electrode and follow a parabolic trajectory 

through the analyzer due to the electric field. The pass energy of the analyzer Ὁ ήϳ  is determined by the voltage 

difference between the electrodes divided by the analyzerôs geometrical constant ὅ. 

 
Figure 4. Parallel plate analyzer. 

First order focusing, with respect to , in the deflection plane is obtained when the entrance angle of entering 

particles is • τυЈ as in Figure 5a (Moore, et al. 2009) (Harrower 1955) (M. Yavor 2009) (Roy and Carette, 

Electron Spectroscopy for Surface Analysis 1977). In that case, the distance Ὠ π, and the entrance and exit slits 

are located in the single entrance plate. 

A more favorable second order focusing in the plane of deflection occurs for an entrance angle of • σπЈ 
instead of • τυЈ (Green, T.S. and Proca 1970). In that case, Ὠ π and the energy resolving slits are placed in a 

field free region, shown in Figure 5b, where both the bottom plate and entrance and exit slits are held at potential ὠ. 

Ὂᴆ ήὉᴆ ὺ ὄᴆ 

Ὂᴆ ήὉᴆ  for  ὄᴆ π 
(4) 



9 

The 33st International Electric Propulsion Conference, The George Washington University, USA 

October 6 ï 10, 2013 

 

One drawback of a PMA is that angular focusing only occurs in the plane of deflection (x-z plane of Figure 5) 

and not in the perpendicular (y) direction. For the • τυЈ analyzer, a point at the entrance slit is imaged as a line 

(in the y-direction) of length 2ЍςὒÔÁÎ at the exit slit (Moore, et al. 2009), as shown in Figure 6. For the • σπЈ 
analyzer, the line length is ςȢσὒÔÁÎ at the exit slit. 

 
Figure 6. Parallel plate analyzers focus in the dispersion plane (x-z plane) but do not focus in the plane 

perpendicular to the dispersion plane (x-y plane). 

Parameters for the PMA, including the analyzer constant, dispersion, and trace width, are summarized in Table 

2. The energy dispersion, Ὀ , is a measure of the displacement of the image point per unit fractional change in 

energy in the plane of the particle beam (perpendicular to the optic axis). In the case of the mirror type analyzers, a 

more useful measure of the dispersion is in the direction along the length of the plates (z). This value, called the 

axial energy dispersion, is given as Ὀ Ὀ ÓÉÎ•ϳ . Ὀ  is commonly reported for the curved plate analyzers whereas 

Ὀ is reported for the mirror type analyzers. 

For a PMA, the analyzer constant ὅ can be calculated given the entrance angle • and focusing distance ὒ. Some 

texts use the calibration factor Ὧ, which is the reciprocal of the analyzer constant (Ὧ ρὅϳ ). 

a) 

 
b) 

 
Figure 5. Diagrams of parallel plate analyzers where focusing occurs at either a) ⱴ Ј or b) ⱴ Ј. 
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Next we consider the distance Ὠ of the field free region to be the same at the entrance and exit. Other 

arrangements with the source and exit positions having different distances from the electrodes are possible; see for 

example, Green and Proca (Green, T.S. and Proca 1970) and Roy and Tremblay (Roy and Tremblay, Design of 

electron spectrometers 1990). Equation (6) gives the required thickness of the field free region as a function of ὒ and 

•. (Roy and Tremblay, Design of electron spectrometers 1990). Ὠ π for • τυЈ which is why in that case there 

is no field free region and there is a single entrance electrode as shown in Figure 5a. 

The maximum distance, ὼ , that the beam enters the analyzer (in the x-direction) is given by equation (7). This 

value is calculated to make sure that the beam does not hit the outer electrode. For • τυЈ and  πЈ, the 

maximum height is ὼ ὒτϳ . Therefore, a plate separation of Ὠ ὒςϳ  should be adequate (Roy and Tremblay, 

Design of electron spectrometers 1990). 

The voltage applied across the segments is equal to the transmission energy multiplied by the analyzer constant. 

Particle trajectories are shown passing through 45° and 30° parallel plate mirror analyzers in Figure 7 and Figure 

8, respectively. These figures exhibit the angular refocusing, energy separation, and linear magnification 

characteristics of the 45° and 30° PMAs. Note that the energy dispersion of the 30° analyzer is two-thirds that of the 

45° analyzer (Ὀ Ј Ὀ Ј), so that there is less spatial separation of the particles of variable energy ( συ Ὡὠ) in 

the 30° PMA of Figure 8 than in the 45° PMA of Figure 7. 

 
Figure 7. Particle trajectories through a 45° parallel plate mirror analyzer  with angular, energy, and 

positional variation. 

ὅ
ρ

Ὧ

ψὨÓÉÎʒ ÃÏÓʒ

ὒ
 

ὅ ςὨȾὒ (for • τυЈ) 
ὅ ςȢυωψὨȾὒ (for • σπЈ) 

(5) 

Ὠ
ςὨ

ὅ
ÃÏÓς•ÓÉÎ•

ὒ

τ

ÃÏÓς•ÓÉÎ•

ÃÏÓ•
 

Ὠ π (for j=45°) 

Ὠ πȢπωφὒ (for j=30°) 

(6) 

ὼ Ὠ
ὒÓÉÎʒ 

ψÃÏÓʒ 
 (7) 

ɝὠ Ὁ ήϳ ὅ 

Ўὠ Ὁ ήϳ  (for j=45°) 

Ўὠ Ὁ ήϳ
Ȣ

 (for j=30°) 

(8) 
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Figure 8. Particle trajectories through a 30° parallel plate mirror analyzer with angular, energy, and 

positional variation. 

Though the concept of a parallel plate ESA is straightforward, there are design challenges to consider. The 

entrance and exit slits in the front plate act as lenses due to the electric fields, producing unwanted aberrations. This 

problem can be addressed by placing a fine wire mesh over the apertures to help create uniform electric fields. Also, 

fringing fields can arise due to the large gap between the plates. These fringing fields can be mitigated by extending 

the edges of the plate well beyond the deflection region, or by placing compensating electrodes at the edges of the 

gap (Moore, et al. 2009). 

2. Cylindrical Mirror Analyzer (CMA) 

A cylindrical mirror analyzer (CMA) uses coaxial cylinders as the deflection plates instead of parallel plates as 

in the PMA. This enables added focusing in the direction perpendicular to the deflection plane. The PMA can be 

considered a special case of the CMA with large radii. As described herein, the source and exit focusing points are 

located on the symmetry axis of the CMA, though other positions are possible (Aksela, Karras, et al. 1970). 

Particles enter the analyzer at an angle • through a slit of width ύ on the symmetry axis, and are deflected back 

to the symmetry axis as shown in Figure 9. Pass-through slits are located in the inner cylinder at radius ὶ. 

a) 

     
b) 

 
Figure 9. a) Diagram of an axial focusing cylindrical-mirror analyzer  with the source and image located on 

the axis. b) Cross section of a CMA showing the axis of symmetry and radii of the electrodes. 
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The cylindrical mirror is double-focusing (focusing occurs in both the () deflection plane and the () 

perpendicular plane) so that the image of a point at the source appears as a point at the detector (Moore, et al. 2009). 

The cylindrical analyzer has the advantageous properties over the PMA in that particles coming from a wide range 

of azimuthal () angles can be refocused and collected at the exit. 

With the source and image located on the centerline axis, the distance ὒ from the entrance focus point to the 

detection point is given by equation (9). See Aksela et al. (Aksela, Karras, et al. 1970) and Risley (Risley, Design 

Parameters for the Cylindrical Mirror Energy Analyzer 1972) for variations on the source and image locations with 

respect to the symmetry axis. The CMA is second order focusing for a beam entrance angle of • τςȢσЈ and 

ὑ ρȢσρρ; giving ὒ φȢρσὶ. There is no aberration term due to . Parameters for the CMA are found in Table 2. 

The inner cylindrical plate is held at the same potential as the source (the symmetry axis at ὠ) to produce a field 

free region. The potential difference between voltages ὠ and ὠ is given by equation (10). 

The maximum extent that the beam will enter the CMA is ὶ ρȢψὶ for  τςȢσЈ (Steckelmacher 1973), so a 

value of ὶ ςȢυὶ is recommended to ensure beam particles do not hit the outer cylindrical electrode (Moore, et al. 

2009). 

When the entrance and exit slots in electrode 1 are used to define the resolution, as in the case when the source is 

not small, the CMA is first order focusing instead of second order focusing. The CMA provides for high 

transmission, which makes it popular for use as a mirror spectrometer (M. Yavor 2009). 

Figure 10 shows example particle trajectories moving through a 42.3° cylindrical mirror analyzer, with 

variations in particle angle, energy, and position. 

 
Figure 10. Particle trajectories through a 42.3° cylindrical mirror analyzer  with angular, energy, and 

positional variation. 

3. Spherical Mirror Analyzer (SMA) 

The spherical mirror analyzer (SMA) is analogous to the CMA. Because it is not popularly used, it is not 

discussed here, though references are provided in the appendix. A good starting reference is Roy and Tremblay (Roy 

and Tremblay, Design of electron spectrometers 1990). 

 

 

 

ὒ ὶ ςÃÏÔ• ςЍὑ“ÃÏÓ•ὩὼὴὑÓÉÎ• ὩὶὪЍὑÓÉÎ•  

ὑ
ὉȾή

Ўὠ
ὰὲὶ ὶϳ  

 

ὒ φȢρσὶ (for • τςȢσЈ and ὑ ρȢσρρ) 

(9) 

ɝὠ Ὁ ήϳ ὅ 

Ўὠ Ὁ ήϳ πȢχφσ ὰὲὶ ὶϳ  
(10) 
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C. Curved Plate Analyzer (CPA) ï Toroidal  Geometry 

Curved plate analyzers are also called deflector or sector field analyzers. First, a general toroidal geometry is 

described. Special cases of the toroidal geometry are the spherical and cylindrical configurations. 

A toroidal electrostatic field is created when the equipotential surfaces are curved in both the dispersion plane (x-

z) and in the plane perpendicular to the dispersion plane (x-y). This field is created by coaxial curved electrodes, 

which are usually circular arcs. Ewald and Liebl first proposed the toroidal design (Ewald and Liebl 1955). For a 

toroidal geometry, the location of the center of curvature of the circular arcs typically coincides. When the centers 

coincide, the radii Ὑ Ὑ Ὣ, and Ὑ Ὑ Ὣ, where Ὣ is half of the gap between the electrodes. The center 

radius Ὑ Ὑ Ὑ ςϳ . Note that here, upper case Rôs are used to denote curvature in the x-y plane, and lower 

case rôs denote toroidal curvature in the x-z plane. 

One particular centralized equipotential curve is given the radius Ὑπ. A coefficient called the toroidal factor ὧ 

is the ratio of the radius ὶ to the radius Ὑπ, equation (11). The radius ὶ is the deflection radius of the optical axis 

in the x-z plane and the radius Ὑπ is a deflection radius in the x-y plane. The equipotential curvature radius Ὑπ 

can be approximated as Ὑ Ὑ Ὑ ςϳ  (M. Yavor 2009). 

A special case of the toroidal sector analyzer is the spherical deflector analyzer (SDA), where the electrode 

surfaces are concentric spheres. For the SDA, Ὑ ὶ ὶ Ὣ, Ὑ ὶ ὶ Ὣ, Ὑ ὶ, and ὧ ρ. Another 

special case is the cylindrical deflector analyzer (CDA), where the electrode surfaces are concentric cylinders, 

curved only in the deflection plane. For the CDA, Ὑ Ὑ Њ, and ὧ π. The toroidal factor is given in Table 1 

for the toroidal analyzer, CDA, and SDA. 

Table 1 ï Toroidal factors, c, for the toroidal, cylindr ical, and spherical deflectors. 

 

1. Cylindrical Deflector Analyzer (CDA) / Radial Cylindrical Analyzer 

The cylindrical deflector analyzer (CDA), also called the radial cylindrical analyzer, is shown in Figure 11. An 

electric field is produced by a potential difference ɝὠ placed across the cylindrical electrodes of radius ὶ (inner 

electrode) and ὶ (outer electrode). A logarithmic electric field distribution is created between the cylindrical 

surfaces (M. Yavor 2009). Beam particles usually enter the analyzer midway between the electrodes in a direction 

tangent to the arc radius, at ὶ ὶ ὶ ςϳ . The CDA becomes first order focusing (in ) at a deflection angle 

• “ȾЍς ρςχȢσЈ. Additional parameters for the CDA are collected in Table 2. 

ὧ
ὶ

Ὑπ
 

ὙπḙὙ
Ὑ Ὑ

ς
 

(11) 

Analyzer Focusing condition Toroidal Factor, ὧ 

Toroidal Deflector No analytical solution. 
ὧ  (ratio of radial main path 

radius to axial main path radius) 

Cylindrical Deflector •
“

Ѝς
ρςχȢσЈ 0 

Spherical Deflector • “ ρψπЈ 1 
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The CDA was first proposed for analyzing the kinetic energy of electrons (Hughes and Rojansky, On the 

Analysis of Electronic Velocities by Electrostatic Means 1929) (Hughes and McMillen, Re-Focussing of Electron 

Paths in a Radial Electrostatic Field 1929). Generally, slits of width ύ (in the local x-direction) are placed at the 

entrance and exit of the radial plates. The CDA can also be designed with deflecting angles smaller than 127.3° 

where the source and image plane are located outside of the analyzer in the field-free space (M. Yavor 2009). 

With beam particles entering at a radius ὶ, the voltages on the inner (ὠ) and outer (ὠ) electrodes are set as a 

function of the probe geometry, the selected transmission energy Ὁ ήϳ  (in eV), and the entrance/exit slit voltage ὠ 

according to equations (12)-(14). In this case the optic axis at ὶ is at potential ὠ. 

ὠ ὠ Ὁ ήϳ ςὰὲὶ ὶϳ  (12) 

 

ὠ ὠ Ὁ ήϳ ςὰὲὶ ὶϳ  (13) 

 

The analyzer can alternatively be operated with equal and opposite voltages applied to the plates, with ὠ ὠ. 

In that case the electrical center of the CDA is located at ὶ Ѝὶὶ (Bryce, Dalglish and Kelly 1973), and the 

particle beam would be designed to enter the analyzer at this radius instead of at half the gap width. 

Moore et al. (Moore, et al. 2009) recommends limit ing the angle of divergence in the plane of deflection in order 

to keep the filling factor below 50%, according to equation (15). 

One drawback is that the CDA focuses only in the plane of deflection (x-z plane of Figure 11, with no y-

direction focusing). A point at the entrance slit is imaged as a line (y-direction) of length Ѝς“ὶÔÁÎ at the exit 

slit (Moore, et al. 2009), similar to that shown for parallel plate analyzers in Figure 6. 

Example particle trajectories passing through a cylindrical deflector analyzer are shown in Figure 12. 

a) 

 

 

b) 

 

 
Figure 11. Diagram of the cylindrical deflector analyzer (CDA). 

ɝὠ Ὁ ήϳ ὅ 

ɝὠ Ὁ ήϳ ςὰὲὶ ὶϳ  
(14) 


ςЍς

“

ὶ ὶ

ὶ
 (15) 
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Figure 12. Particle trajectories through a 127.3° CDA with angular, energy, and positional variation. 

2. Spherical Deflector Analyzer (SDA) 

The spherical deflector analyzer (SDA), also called the spherical analyzer, is created by placing a voltage Ўὠ 

across a pair of spherical electrodes of radius ὶ (inner electrode) and ὶ (outer electrode). This creates a double 

focusing electric field, both in the deflection plane and the perpendicular plane. Focusing in both the x and y 

directions occurs for the special case of • ρψπЈ deflection. A diagram of the SDA is shown in Figure 13. The 

hemispherical (ρψπЈ spherical) energy analyzer was first proposed by Purcell (Purcell 1938). 

 

a) 

 

 

b) 

 

 
Figure 13. Diagram of the 180° (hemispherical) SDA showing example particle trajectories on the a) x-z plane 

and b) on the x-y plane. 
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Toroidal deflector analyzers can also be designed with the object and image positions in field free space outside 

the sector field (M. Yavor 2009). An example of a field free focusing analyzer is Osterwalder et al. (Osterwalder 

1989) where a 145° spherical deflecting angle was used. 

The voltages on the inner (ὠ) and outer (ὠ) electrodes are set as a function of the selected transmission energy 

Ὁ ήϳ  (in eV), the entrance/exit slit voltage ὠ, and the geometry of the ESA, according to equations (16)-(18). 

Additional parameters for the SDA can be found in Table 2. 

ὠ ὠ ςὉ ήϳ ρ
ὶ

ὶ
 (16) 

 

ὠ ὠ ςὉ ήϳ ρ
ὶ

ὶ
 (17) 

 

The maximum deviation, ὼ , of a particle trajectory from the central path is given by equation (19) (Moore, et 

al. 2009). This value would be used to select the analyzerôs required inner and outer radii to avoid having particles 

of maximum angular deviation  strike the segment surfaces. 

The SDA has the advantage over the PMA and CMA analyzers in that lower electrode potentials are required to 

achieve higher transmission energies through the analyzer. Also, the close spacing of the electrodes helps to mitigate 

fringing fields (Moore, et al. 2009). The main drawback is that it is more difficult to manufacture and align the 

spherical sectors. 

Sample particle trajectories through a spherical deflector analyzer are shown in Figure 14. 

 
Figure 14. Particle trajectories through a 180° SDA with angular, energy, and positional variation. 

D. Parameters for selected types of electrostatic analyzers. 

Useful parameters for all types of electrostatic analyzers discussed in this guide are collected in Table 2. 

 

ɝὠ Ὁ ήϳ ὅ 

ɝὠ Ὁ ήϳ
ὶ

ὶ

ὶ

ὶ
 

(18) 

ὼ

ὶ

ύ

ςὶ



ς

ρ

ς

ύ

ὶ



ς
 (19) 
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Table 2 ï Parameters for selected types of electrostatic analyzers. 

 Symbol 
Parallel-plate 

mirror,  PMA (45°) 
Ref 

Parallel-plate mirror,  

PMA (30°) 
Ref 

Cylindrical Mirror,  

CMA (42.3°) 
Ref 

Electric Field 

 Ὁᴆ 
Ὁᴆ ɝὠὨϳ  

Ὁᴆ Ὁᴆ π 
d Ὁᴆ ɝὠὨϳ  

Ὁᴆ Ὁᴆ π 
d
 
Ὁᴆὶ ɝὠ ὶÌÎὶ ὶϳϳ  

Ὁᴆ Ὁᴆ π 

g
 

Energy of the Central Ray
 

 Ὁ ήɝὠὒȾςὨ 
c,d ήɝὠὒȾςȢυωψὨ 

e
 ήɝὠȾπȢχφσÌÎὶ ὶϳ  

a,b 

 

Analyzer Constant
 

 ὅ ςὨȾὒ c,d ςȢυωψὨȾὒ e
 πȢχφσÌÎὶ ὶϳ  

a,b 

Focusing Condition
 

 • • “Ⱦτ d • “Ⱦφ d • τςȢσπψЈ 
d 

Potential
 

 ὠ ɝὠ Ὁ ήϳ
ςὨ

ὒ
 

b,d ɝὠ Ὁ ήϳ
ςȢυωψὨ

ὒ
 

(V1 is at the slit potential) 

b Ўὠ πȢχφσὉ ήϳ ÌÎ
ὶ

ὶ
 

(V1 is at the slit potential) 

a,b 

Axial Dispersion, Ὀ Ὀ ÓÉÎ•ϳ  

 Ὀ ὒ d,f,h ςὒ

σ
 

f,h
 

ὒ 
πȢωρτὒ 

d 

f,h 

Trace Width, Ὀ  ὸὩὶάί 

 ὸ ὒς   
d ςὒ

σ
ωȢσσ ς  

h
 

ςȢψυὒ  

υȢπφὒ  

d 

h 

Path Length of Central Ray
 

  ρȢρτψὒ d ρȢπψχὒ h ρȢςπὒ h 

Image Width Due to  for a Point Source
 

  ЍςὒÔÁÎ 
b ςȢσὒÔÁÎ h π ὪέὧόίὭὲὫ Ὥὲ  e 

 

 Symbol Cylindrical Deflector, 127.3° CDA Ref Spherical Deflector, 180° SDA Ref 

Electric Field 

 Ὁᴆ 
Ὁᴆ ɝὠ ὶÌÎὶ ὶϳϳ  

Ὁᴆ Ὁᴆ π 

d Ὁᴆ ɝὠὶὶ ὶ ὶ ὶϳ  

Ὁᴆ Ὁᴆ π 

d 

Energy of the Central Ray
 

 Ὁ ήɝὠȾςÌÎὶ ὶϳ  
c,d ήɝὠȾὶ ὶϳ ὶ ὶϳ  

c,d 

Analyzer Constant
 

 ὅ ςÌÎὶ ὶϳ  
d ὶ ὶϳ ὶ ὶϳ  

d 

Focusing Condition
 

 • •
“

Ѝς
ρςχȢσЈ d • “ ρψπЈ 

d 

Potential
 

 ὠ 
ὠὶ ςὉȾήÌÎὶȾὶ  if ὠ π at 

ὶ ὶ 
d ὠὶ ςὉὶȾή ρȾὶ ρȾὶ if ὠ π at 

ὶ ὶ 
d 

Energy Dispersion
 

 Ὀ  ὶ 
d ςὶ 

d 

Trace Width, Ὀ   ὸὩὶάί 

 ὸ ὶτ σϳ   
d ςὶ  

d 

Path Length of Central Ray
 

  
“

Ѝς
ὶ d “ὶ 

d 

Image Width Due to  for a Point Source
 

  Ѝς“ὶÔÁÎ 
b π ὪέὧόίὭὲὫ Ὥὲ  e 
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E. Noteworthy Analyzer Designs and Modifications 

1. Top Hat Analyzer 

A top hat type analyzer is a special case of a spherical deflector analyzer. In a top hat analyzer, the particles to be 

analyzed enter at the midpoint of two hemispherical sectors, as shown in Figure 15. A third nested hemispherical 

electrode, called the top hat (or top cap) is positioned above the entrance apertures (Collinson and Kataria, On 

variable geometric factor systems for top-hat electrostatic space plasma analyzers 2010). Advantages over other 

designs are that the top hat analyzer has a very wide field of view (up to 360°) and can incorporate position sensitive 

detectors at the downstream end of the sectors. Because of their wide field of view and resolution, top hat analyzers 

are popular for space missions (see Table 6). 

 
Figure 15. Cross sectional illustration of a top hat analyzer. The geometry of the analyzer is rotated about the 

central axis. 

2. Matsuda Plate Cylindrical Analyzer 

A modification to the CDA can be made to make the analyzer perform like an SDA. This is done by applying 

potentials ὠ to flat plates placed above and below the cylindrical electrodes. These additional plates were described 

by Matsuda in 1961 (Matsuda, Electrostatic Analyzer with Variable Focal Length 1961) and are called Matsuda 

plates. The plates have the effect of forming a toroidal deflecting field within the region of the particle beam. The 

cylindrical deflector analyzer with Matsuda plates is shown in Figure 16. A discussion of improvements and 

drawbacks to the design of toroidal analyzers formed with Matsuda plates is given in Yavor (M. Yavor 2009). 

Matsuda plates create an effective field distribution when the distance from the plates to the optic axis is 2 to 3 times 

the value of half of the gap between the inner and outer cylindrical segments (ώ ὯὫ, Ὧ ς ὸέ σ, Ὣ

ὶ ὶ ). One drawback is the inclusion of large third-order geometric aberrations. 

a
Steckelmacher (Steckelmacher 1973) 

b
Moore, et al. (Moore, et al. 2009) 

c
Roy and Carette (Roy and Carette, Electron Spectroscopy for Surface Analysis 1977) 

d
Rudd (Rudd, Low Energy Electron Spectrometry 1972) 

e
Roy and Tremblay, Dube and Roy (Roy and Tremblay, Design of electron spectrometers 1990) (Dube and Roy, 

A Generalized Approach for the Determination of Transmission Functions of Charged-Particle Energy 

Analyzers 1982) 
f
Yavor (M. Yavor 2009) 

g
Aksela (Aksela, Instrument Function of a Cylindrical Electron Energy Analyzer 1972) 

h
Calculated from energy resolution equations in Table 3, or calculated. 
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Figure 16. A CDA with Matsuda plates on the top and bottom to create a spherical electric field in the region 

where the particle beam travels inside the analyzer. 

The toroidal factor of the Matsuda plate CDA can be calculated for given electrode voltages and geometries 

(Leventhal and North 1971) (Fishkova and Ovsyannikova 1995). Equation (20) from Yavor (M. Yavor 2009) gives 

an approximate analytical expression for the toroidal factor. 

3. Analyzer Modifications 

Other analyzer types include elliptical mirror, hyperbolic field, box type, ideal focusing, rotationally symmetric 

mirror, quasi-conical, toroidal mirror, polar toroidal, angle and energy resolving mirror, conical, and cusp type (M. 

Yavor 2009). These designs are modifications of the simpler mirror and deflector designs, aimed at improving the 

accuracy, resolution, field-of-view, or other capabilities of electrostatic analyzers. A list of references for these 

analyzer types is given in this guide under the heading Analyzer Modification References. 

III.  Energy Resolution 

An electrostatic analyzer can be used to obtain the energy distribution of a particle beam by plotting transmitted 

current versus selected energy. For an ideal monochromatic beam the transmission function is triangular, but for a 

real beam and analyzer it resembles a Gaussian, an example of which is shown in Figure 17. 

The energy passband ɝὉ of the analyzer may be defined as the full width at half maximum (FWHM) of the 

energy distribution that appears in measuring a monochromatic beam (Moore, et al. 2009). The pass energy through 

the analyzer is defined as Ὁ. The energy resolution of analyzers is usually defined as the ratio ɝὉὉϳ  (Roy and 

Carette, Electron Spectroscopy for Surface Analysis 1977). 

The full width of the transmission function, called the base resolution (FBW), can be calculated and is defined as 

ɝὉ  (Roy and Carette, Improvement of the Resolving Power and Transmission of Electrostatic Spectrometers 1971) 

(Roy and Carette, Electron Spectroscopy for Surface Analysis 1977) (Roy and Tremblay, Design of electron 

spectrometers 1990). We shall define ɝὉ (HBW) to be half of the full width of the base resolution, ɝὉ . The 

resolution ɝὉ Ὁϳ  is commonly calculated in the literature as a close approximation of ɝὉὉϳ . Since ɝὉ is slightly 

greater than the FWHM, ɝὉ, this approximation of ɝὉ Ὁϳ  overestimates the passband of a real analyzer (Moore, et 

al. 2009) (Rudd, Low Energy Electron Spectrometry 1972). However, for a well-designed analyzer, ɝὉ ЎὉϳ . 

The resolving power ” is the reciprocal of the energy resolution: ” Ὁ ɝὉϳ  (or sometimes calculated using the 

HBW as ” Ὁ ɝὉϳ ) (Roy and Carette, Electron Spectroscopy for Surface Analysis 1977). 

To first order, the entrance and exit slits (also called apertures), usually of equal width ύ, establish the passband. 

For unequal widths, ύ should be replaced by ύ ύ ςϳ  (Roy and Carette, Electron Spectroscopy for Surface 

Analysis 1977). The transmission function also depends upon the maximum angular extent to which particles 

deviate from the central path leading from the entrance to the exit slit. This angular deviation is defined by the 

angles  in the deflection plane and  in the perpendicular plane. 

ὧ
ς“ὶ

Ὣ

ςὠ ὠ ὠ

ὠ ὠ
Ὡὼὴ

“

ς

ώ

Ὣ
 (20) 
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Figure 17. Energy resolution terms with an example measured Gaussian curve. If the particle beam were 

monoenergetic and measured with a perfectly designed analyzer, the shape of the curve would be triangular. 

The base resolution ɝὉ Ὁϳ  is described by equation (21), using the constants from Table 3. The HBW 

resolution is calculated as ɝὉ Ὁϳ ɝὉ ςὉϳ  (equation (22)). 

ЎὉ

Ὁ
ὃύ ὄ ὅ 

(21)  

(Roy and Carette, Electron Spectroscopy for Surface 

Analysis 1977). 

(note upper case constants used for ɝὉ .) 

 

Table 3 ï DEB/E0 constants for selected electrostatic analyzers. Use in equations (21) and (22). 

ЎὉ

Ὁ

ρ

ς

ЎὉ

Ὁ
 

(22) 

(Noting that for a well-designed analyzer, ɝὉ ЎὉ). 

Analyzer ὃ (ςȾὈ ) ὄ ὅ ὲ 

Parallel Mirror - 45° ςȾὒ 2 1
b,c,d

 2 

Parallel Mirror - 30° σȾὒ 
9.2

 a,b,c
 

9.33
 d
 

1
 c
 

1.5
 b
 

2
 d
 

3
 a,c,d 

2
 b**

 

Cylindrical Mirror - 42° 

ςȢρψȾὒ a,b
 

ςȢςȾὒ c
 

ςȢρωȾὒ d
 

5.55
 c
 

5.54
 d
 

0
 c,d

 3
 c,d

 

Cylindrical Deflector - 127° ςȾὶ 4/3 1 2 

Spherical Deflector - 180° ρȾὶ 1 0
 c,d

 2 
*
If no superscript is given, the value is found in references a, b, c, and d. 

a
Steckelmacher (Steckelmacher 1973) 

b
Moore, et al. (Moore, et al. 2009) **May be misprint. 

c
Roy and Carette (Roy and Carette, Electron Spectroscopy for Surface Analysis 1977) 

d
Dube and Roy (Dube and Roy, A Generalized Approach for the Determination of Transmission Functions of 

Charged-Particle Energy Analyzers 1982) 










































