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Abstract: Electrostatic analyzers (ESAs) are used in electric propulsion to measure the
energy per unit charge {§ A 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) deflectottype analyzers.Common mirror -
type analyzers arethe pardlel-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 deflecto (CDA) and spherical deflector (SDA) analyzers
are discussedas special casesThe 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, entrace
and exit geometry, and sector angle using both numerical calculation and particle
simulation.
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Nomenclature

Symbol Units Description
ok - Constants for FBW/HBW energy resolution equations
Ghafoie - Constants for FWHM energgsolution equations
SRS hish R RO hex - Constants for energy resolution equations
w - Angular coordinate for particle motion
&» (M Magnetic field
) (m) Half slit width
) - Angular coordinate for particle motion
0 - Analyzerconstant
@ - Toroidal factor
(@) (m) Coefficient of energy dispersion
O (m) Axial energy dispersion coefficient for mirror analyzers
Q (m) Distance
0¢ 10 (eV) Range of particle energies or a selected particle energy in the beam
(6] (eV) Transmission (TE) or pass energy
Q (V/m) or (N/C) Electric field
30 "Ow 00 (eV) Full width at half of the maximum height of the energy transmis:
function
30 006 w (eV) Base energy resolution; full width of the energy transmission functior
30 06 w (eV) Half the base energy resolution
YO (eV) Individual particle energy relative to the pass energy of the analyzer.
YO - Energy resolution
O
Q pH TP T (©) Elementary charge unit
£2)} (N) Force acting on a charged particle
Q - Transmission, fraction of transmitted particles
Q (m) Half of the gap width between the analyzer electrodes
Q (m) Ideal field boundary to electrode separation distance
0 (A) Beam current
0 - CMA coefficient
o] - Calibration factorreciprocal ofthe analyzer constaft
ko] (I/K) Boltzmann constant
0 - Matsuda plate distance factor
0 (m) Source to image focusing length
0 - Linear magnification coefficient
a (kg) Mass
a (kg/s) Mass flow rate
¢ (m?) Particle density
0 (torr) or Pressure or
(AIV3? Perveance
| © Charge of a particle
Y - Ratio of beam radius to minimum beam radius
i (m) Radius
i (m) Minimum space charge beam radius
Y (N or K) Thrust or temperature
0 (m) Trace width
@ (Volts) Voltage
@ (Volts) Analyzer entrance/exit potential
Y (Volts) Voltage difference across plates/sectors
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W (Volts) Potential of the plasma where ions are created
0 (m/s) Velocity
0 (m) Width of the entrance/exit slits of the analyzer
ofutn (m) Cartesian coordinates for particle motion
a - Charge state of particle (integer numbgr
\ (radians?) Acceptance half angle of the analyzer in the dispersion plane
f (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
m (Ohms) Resistor value

- Resolving powereciprocal of energy resolution

I. Introduction

lectrostatic analyzers (ESAs) are used in electric propulsion to measure the energy per uniiOcharge

distribution of ion and electrorbeams in the downstream region dhrustersfor example The Electric
Propulsion Technical Committee (EPTC) of the éioan 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 techseguiesthe evaluation of
plasma devices and plasma thrusters. This paper preseattiad summary of the Standard being developed for
ESAs.

ESAs have a wide range ofedigns due to the fact that maognfigurationscan be made which curibe
trajectores of particles. This standard serves to give an overview of the mogtamentglyet most wiely used,
types of ESA designgi\nalyzersare groupedinto two classifications(1) mirrortype analyzers an(R) deflector
typeanalyzers.

Mirror-type analyzers are designed basecdelattric fields in which particles arérst retarded(decelerated)
then reacceleratd. Two common mirroitype analyzers are discussed: the paraliaie mirror analyzer (PMA) and
the cylindrical mirror analyer (CMA).

In deflectortype sector field analyzers, the energy of charged particles rerappr®ximatelyconstant along
circular optic axisFor deflector type analyzers, a generalized toroidal type is first described. Then, the commonly
used cylindrica deflector (CDA) and spherical deflect¢8DA) analyzes are discussed as special cases of the
toroidal type. Many types of ESAs designed for wide fieldiefwand spaceflight are based upon tilv@idal ESA.

The pass energy (transmission energy)aofESA is determined by the voltage potersiapplied tothe
electrodesand theanalyzer constantwhich depends on itgeometry The procedure for energy resolution
calculations of ESAs is describaghich is a common way of comparing analyzers.

A. Applicability

In electric preulsion,an electrostatic analyzes usedto measure energy of charged particles in the plumes of
thrusters. The beam energy is related to the beam velacityadditionally knowing the flux of particles from a
thrusterenaltes thrustmeasuremeniGoebel and Katz 2008Yhrust is the force generated by a propulsion device
according to the rate @xpelled masst multiplied by the exhaustvelocity of theparticles. In electric propulsion
devicesjonbeam velocities range fino 5000 m/s to above 100,000 m/s, corresponding to tyjgindleam energies
from thelow 10s of eV toabove 10000eV (Jahn and Choueiri 2002)

Energy measurements of the thruster plume are also of interest for determining how the plume will interact with
the surrounding environmen#lso, since an electrostatic analyzer is an energy filter, it can also be used in
experiments to selegely transnit charged particles of particulanergy 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(Elbea@net al. 2009)These
involve measuringthe time of flight over a known distance, the retarding potential required to stop the particles, or
the extent of deflection in an electribagnetic or electromagnetifield. This standard will discusssubset othird
method;particle deflection andnalysis usingtatic (time invariantglectricfields, thus calling theesultingdevices
electrostatic analyzers, or ESA%e use of magnetic fields will not be includ@the following is a brief descripin
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of all three methods of chargedree separation, helpful in comparing theeuof ESAs in relation to other
methods.

1. Characteristics ofitne of flightanalysis

Thekinetic energyof a charged particléO ) can be measurday recording the time it takebe particleto move
from ore position to anothemwhichis calledtime of flight analysis Because theelocitiesof charged particleare
generally high, where the analyzing fligthistanceis in the range of a fewentimeers the response time of the
an al yelearonigssneeds to be on the order of a few nanose¢bludse, et al. 2009)Time of flight analyzers
aregenerallyused forthe analysis of electrons with energies less than 10 eViams below 1 keV(Moore, et al.
2009)

2. Characteristics ofetarding electrostatic field analysis

The kinetic energy distribution in a charged particle beam alan be measuredby applying a retarding
electrostatic field along the beam pgM. Yavor 2009)(Simpson, Design of Retarding Field Energy Analyzers
1961) The energyper unit charg€’Q ) analysisof the beanis made by placing a grid or aperture in front of a
particle detector (also calleadcollector) and varying thd e t e @otemtialdwdile recording theollectedcurrent
(Moore, et al. 2009)This deviceis commonly calleda retading potential analyzgfRPA). The currentecorded at
the collector is the integrated current of particles whose energy exceeds the potential established hivtbergyid
et al. 2009) whichforms a highpass filter(Roy and Carette, Electron Spectroscopy for Surface Analysis .IB3@7)
obtain the energy distribution, the integrated currsndifferentiatedas a function of retarding potentiah
drawbackis thatonly the component of velocityormal to the retarding grid is select@doore, et al. 2009)Other
difficulties includethe development of focusing effects due towagablenature of theatio of the initial energy to
the energy at theetardingpotential grid,and potent i al isagod be t(Buleecand SHell,s cr i mi n
Optimizing the energy resolution of planar retarding potential analyzers. 12 8lesthat approach the retarding
grids at slightly off axis agles are often deflected away from the collectdhis 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 retardidglmt prevats low energy particles from passing through
the grid when desire(sreen 1970fMoore, et al. 2009)

3. Chaacteristics of electromagnet{electric or magnetic fieldnalysis

The third approachto measuring particle energies is to pass the beam through an glewgoetic or
electromagnetidield. When using static electric fieldhe instrument is called aplectrostaticanalyzer (ESA
Static éectric fields aremore commonlyusedthan shaped magnetic fieldecausehey are generallyeasier to
produce Electrostatic analyzers are used particle energies up to several kaWile magnetic analyzers are used
for very highenergy particleslue tothelarge electrical biasabatwould berequired foreffectiveparticle analysis
(Moore, et al. 2009)A wide range of energgnalyzer designexist however in all types of electrostatic devices,
charged particle is separated according terisrgy pecharg€eQq rj rather than itabsolutevelocity.

II. Schematic/ Design

A diagram and picte of a spherical deflecto(SDA) type electrostatic analyzerepresentative of ESAs in
general,are shown inFigure 1. Particlesenter the analyzer at the source plane and exit at the image Pplane.
analyzergeometry and applied voltages at@sen such thatharged particles of a particular enei@y r, called
the pass or transmission energyrve along a prescribed path called the optic axis of the analyhervoltage
difference between thplatesY®, transmission energy, and geometry are related through eq&Yjomhered is
t he a ngebnzeyialrcdnstant.

Yoo 0jn 6 (1)
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Figure 1. a) Diagram and b) phobgraph of an electrostatic analyzemade by Plasma Controls, LLC

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 taaproduce

electric field to curve the particle¥ h e

amount of defl ecti

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

The geometric size of the analyzer is chosen basembosideration of the desired energy resolving power as
well as practicafies of overall dimensionsweight, and machinability. For analyzers designed to be flown in space
as well as maneuvered in vacuum chambers with motion equipment, the volumetisctygizeally on the order of

1006 s 3toof

occupy as little volume as 1.5 2¢C. Enloe 2003)

Figure2 shows examples of particle trajectories passing through a spheffieadtdeanalyzer. The-x plane is

on

depends

on e ac

1cOn® 0°pand the fmass imin the low kg range. Smaller designs have been manufactured that

the deflection, or dispersion, planlocal coordinate system follows the particlersy the optic axis, with x and y
describing the particle positiagelative to the axisThe entrance is position 1 and the exit is position 2.

At the entrance, particles can deviate directionally througthaffeangles |
I in the perpendiculary-z) plane defined in equatio2). The analyzer geometry determineerethe particles
are refocused in th¢ ] deflection phne (at a particular aboutthe yaxis), andf they are refocused in the ) y-z

plane.
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too much energy to stay on axighis is the basis of positional energy separation
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Particles typically enter and exit througlits of (generallyequal)width 0 in the x directionandthin height n
the y direction. Brticles of energy© O and angle 11 Enteing at ® — crossover the optic axis and exit

at w Y —. By optical analogy, all of the analyzers discussed hemeinsaid to hava linear magnification
coefficientDd p, where the image of the object at the image plane is the same size but inverted.

180° Spherical Deflector Analyzer (SDA)

E/y=1000 eV —>--x
Fo/, = 1000ev
n=4cm

t,=5cm 270
rn =6cm

C = 0.833

V, = =500V

Vv, =333V z

w =0.35cm

Figure 2. Particle trajectories through a 180° spherical ddlector 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 sectiomn the laboratory sdttg with an electric propulsion plasma device, thaxis of the distribution
function would typically be a current in the low microampA) to picoamp (pA) range, scaling closely with the
current density at the entrance diit.general entrance and exdlits helpincrease the resolving power andtigate
fringing electrostatic fields.

The analyzercan be operated as eitheerspectrometefspectrometric modedr a spectrograplispectrographic
mode)(Young, Space Plasma Particle Instrumentation and the New Paradigm: Faster, Cheaper, Bettier 4998)
spectrometrignode, thesnergyQ 1 of theparticle beam is analyzed by varyitie electric fieldthereby sweeping
the pass energ® j 1) and mesuring thdraction of transmitted particles a detectorThe resulting current versus
energy plot is called an energy transmission functiomn energy distribution functiospecifically, itis calledan
electron energy distribution function (EED#®y electrons and an ion energy distribution function (IEDF) for ions.
In a spectrographic mode, range of energies are measured simultaneously by position sensitive deteetors
combination of detectors.

Desirablequalities ofan analyzer includea smédl energy passbandarge transmission, andccuratefocusing.
Two common terms that measure the quality of the analyzer aenéngydispersion,0O , and the trace widthg
(Rudd, Low Energy Electron Spectrometry 197Pheenergydispersion is the displacement of the image point per
unit fractional change ifparticle or analysisgnergy. The trace widtls the spread in the image for a monoenergetic
point source due to tidivergence haléngles andf of the parttle beamA large dispersion and small trace width
increaseanalyzer resolving power.

The equation that describes the particle positiinthe imaging plane involved| and éf terms which
describe aberratior{mperfections)o the imageAn analyer thatperfectly focuses particlebeam would have no
aberratioreffects(6 6 ). The order of focusing i€( p in each directionHigher order focusing is desired
for less dependence on the divergence anglas will give higher transmission current at the dete@udd, Low
Energy Electron Spectrometry 197Epr the analyzers described in this standard, focusing is either first or second
orderin| andf .
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A list of particularlygood review articles and references that providermation concerning the design of the
most widely used analyzeisgiven inAppendk A: Additional References for ESAs

A. Particle Energy

In electric propulsiorapplications the kinetic energy of a particle comes from thermal engigy energy
gained through acceleration éectric andbr magnetic fields. The thermal velocity is typically small compared to
the velocity gained due to elestnagnetic forces.

Consider for instance,an ion thruster with plasma potential with respect to ground potential (vacuum
chamber ground or spacedrgfound) as shown ifFigure3. An ESA can be used to measure the energy of particles
originating from the plasma source. In this case, according to time invarienglyectonservation, an ion from the
plasma source with charge & ‘@ill pass from a region at potential to the analyzer entraneé potentiaky. The
kinetic energy gaid0 N @ a@® wis equal to the passfTHewdoeith)sf pot ent
the particle upon entering the optic axis of the analyzer is then given by eq@tishere, in classical mechanics,
we consider the particle lity to be much less than the speed of light.

COJ'T]Q(Q CQQ*') W @)
a a

0O Ao ® gao £10

Plasma Source Entrance

ol

Potential _
Detector -7

V.

Analyzer optic
axis potential, I},

v, + '
© Distance
Ground P :

reference

V. +

a

Figure 3. lllustration 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 potentialqr, Singly charged ions and doulyl charged ions will have different energies but the

same energy to charge ratiof§j A

The basis for charged particle analysis using electric and/or magnetic fields is given by the simplified Lorentz
force relation of equatio), that a particle with chargg will experience a forc&due to an electric fiel®. The
particle velocity0 does not figure into the equation since thagnetic field strengti® is zero in an ESAThe
analyzers discussed herein use electric fields to cha
magnitude along the analysis pallhe chargej on the particle is equal to the charge statintegernumber of
charge units) multiplied by the elementary charge @ivhered can beO1 for ions O-1 for negatively charged
particles or-1 for electrons).
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Particles with the same energy to charge ratio will follow the same trajectory dudrifiubrce of theelectric
field. This means that ions with equivalé@itny values bubf different mass to charge staig 1 ratio cannot be
distinguished using onlglectrostatic deflectiofM. Yavor 2009) To distinguish mass and/or charge state, other
instruments such as tinwd-flight analyzers, electromagnetimalyzers (magnetic filters, ExB filters), or oscillating
electric field anbyzers (quadrupole) must be used.

(4)

B. Mirror -Type Electrostatic Analyzers

Mirror-type analyzers are designed based on fields in which particles are rethesedeaccelerated. Mirror
analyzers typically have a smaller dispersion to magnification raticeadatine path length compared witlrved
plate analyzersput can haveattractive features such as higher order of focusing or larger spatial accefance
Yavor 2009) In this section we consider conventiopalrallel mirror analyzersand cylindrical mirror analyzers.
Spherical mirroranalyzers existproposedby SarEl (SarEl, More on the spherical condenser as an analyzer |I.
Nonrelativistic Part 1966putarenot widely usedind therefore not dcussed

1. Parallel Plate/Plane Mirror Analyzer (PMA)

A parallel plateelectrostatic analyzesreatesa uniform field by placing a potential difference across a pair of
plane parallel plates, as shownFigure4. This analyzer is also called a plane mirror analyzer (PMAg particles
enter the probe at an anglewith respect to théhorizontal)entrance electrodand follow a parabolic trajectory
through the analyzer due to the electric fielthe pass energy of the analyZ@j 1] is deermined by the voltage
differencebetweentie electrodes divided by the analyzer g e o coastanti. c a |

B LV,
d l X T AV
S o RN v,
d 3
3, - N Jv
(p\ A .
R 28N P NN
L
/ T
- 3 L cos 2@ sin ¢
Particle beam C= 8d sin ¢ (cos @) 1=
L 4 (cosq)

Figure 4. Parallel plate analyzer.

First order focusingwith respect to , in the deflection planés obtained when thentrance anglef entering
particles iss T v ds inFigure 5a (Moore, et al. 2009)Harrower 1955)M. Yavor 2009)(Roy and Carette,
ElectronSpectroscopy for Surface Analysis 19.7h) that case, the distan&® 11, and theentrance and exit &
are located in the single entrance plate.

A more favorable second order focusing in the plane of deflection occurs for ancermtngteof « o 11 J
instead of 1T v (BGreen, T.S. and Proca 1970) that case2  Ttandthe energy resolving slitere placedn a
field free regionshown inFigure5b, where loth the bottom plate anéntrance and exdlits are heldat potential® .
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Figure 5. Diagrams of parallel plate analyzers wheredcusing occurs akither a) ¥ Jorhb) v J.

Onedrawback of a PMA is that angular focusing only ocdarthe plane of deflection {x plane ofFigure5)
and not in the perpendicular)(girection For thee 1 v @nhalyzera point at the entrance slit is imaged as a line
(in the ydirection)of length2ich O Afl  at the exit slifMoore, et al. 2009)as shown ifFigure6. For thee ¢ 11 J
analyzer, the line lengtis ¢&0 O Afl  at the exit slit.

Parallel Plate Mirror Analyzer (PMA)

Ay(p = 30°) = 2.3Ltanf8

Figure 6. Parallel plate analyzersfocus in the dispersion plane (32 plane) but do not focus in the plane
perpendicular to the dispersion plangx-y plane).

Parameters for the PMAncluding the analyzer constant, dispersion, and trace wadéhsummarizeth Table
2. The energy dispersiof , 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 mimoatypers, a
more useful measure of the dispersion is in the direcfimmgathe length of the plates)(ZThis value called the
axial energy dispersioiis given asO0 0 j O EB1.°0 is commonly reported for the curved plate analyzers whereas
‘Ois reported for the mirror type analyzers.

For a PMA, theanalyzer constarii can be calculatediven the entrance angleandfocusingdistancel. Some
texts use the calibration fact@) which is the reciprocal of the analyzer const@at pj 6).
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Next we consider the distan&® of the field free region to be thsameat 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 Pro¢@reen, T.S. and Proca 197&d Roy and TremblagRoy and Tremblay, Design of
electron spectrometers 199&yuation(6) gives therequiredthickness of the field free regi@s a function ob and
« . (Roy and Tremblay, Design of electron spectrometers 1990) rtfore 1 v which is why in that case there
is no field free region and theis a singleentrance electrodas shown irfFigureba.

0 c’QA.I. 5 66T VAT@OPBI
AR AT+0
‘Q  Tm(forj =45°)
Q 18t wipfor j =30°)

(6)

The maximum distancey , that thebeamentersthe analyzefin the x-direction)is given by equatiorf7). This
value is calculated to make sure that the beam does not hit the outer electrode. Foo dnd| 1t Jthe
maximumheightis w  0j 1. Therefore, a plate separation@f 0j ¢ should be adequat®oy and Tremblay,
Design of electron spectrometers 1990)

0OE3F |
YATD |

The voltageappliedacross thesegments is equal to the transmission energy multiplied by the analyzer constant.

®

()

3w 0jn o
Yo 'Ojn — (forj =45°) 6)
Yo  OjR 2— (forj =30
Particle trajectories are shown passing throughafel30° parallelplate mirror analyzers iRigure7 andFigure

8, respectively. These figuresxhibit the angular refocusing, energy separation, and linear magnification
characteristics afhe 45° and30° PMAs. Note that the energy dispersion of 8@ analyzer is twethirds that of the

45° analyzer'© ; -'O ); so that there itessspatialseparationof the particles of variable energy o UQ in
the 30° PMA of Figure8 than in the45° PMA of Figure7.
45° Parallel Plate Mirror Analyzer (PMA)

a=+3° E/y=1000135ev

&=

I

I+
03|

v, =1000V T

= 45°7; g
¢ =457 L=10cm ' w = 0.35 cm
Efg=1000ev =1
Eo/, = 1000 ev

Figure 7. Particle trajectories through a 45 parallel plate mirror analyzer with angular, energy, and
positional variation.
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30° Parallel Plate Mirror Analyzer (PMA)

E w
a=1x3° /q =1000+ 35 eV n=ts

V, =1050V T

Vv, =0V
Q= 30°7! I
£ L=10cm ' w =0.35cm
/q = 1000 eV
d; =096 cm
EO/q =1000eV d, =4.04cm
C = 1.050

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

Though theconceptof a parallel plate ESAs straightforward there are design challenges to considére
entrance and exdlits in the front plate ats lenses due to the electric fieldsoducingunwanted aberrations. This
problem can baddressethy placing a fine wire mesh over the apertures to help create uniform electricAistuls.
fringing fields can arise due tbe large gap between the plates. These fringing fields can be mitigagetehging
the edges of the plate well beyond tleflection 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 pilede=ad of parallel plates as
in the PMA This enablesddedfocusing in the direction perpendicular to tiheflection planeThe PMA carbe
considered a special case of the CMi#h large radii As described herejrthe source and exit focusimgintsare
located on the symmetry axis of the CIMtAough other positions are possifpksela, Karras, et al. 1970)

Particles enter the analyzatran angles through a slit of widthh onthe symmetry axisandare deflectedback
to the symmetry axias shown irFigure9. Passthroughslits are located in the inner cylindarradius .

a)
J_ .
Centerline
Il 1
b
) S — 'V,
2 R — v
_ e RN v
rl P BN 1
rd
__i_ __________;,’9___________________________\3\2\:__3_ _____ t_____-
(p\ Pz 3, Symmetry axis
o NN
Pyl < P \\\‘\‘\
Q=423 %X ] NN
ey .

Particle beam
Figure 9. a) Diagram of an axialfocusing 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 doubkocusing (focusingoccurs in both the| () deflection plane and théd Y
perpendicular plane) so that the image of a point at the source appears as a point at théMieteetat al. 2009)
The cylindrical analyzer has the advantageous properties over the PMA in that particles coming fdemeamgeé
of azimuthal{( ) angles can be refocused and collected at the exit.

With the source and image located on the centerline thdsdistancé) from the entrance focus point to the
detection point is given by equatig®). See Aksela et a(Aksela, Karras, et al. 197@nd Risley(Risley, Design
Parameters for the Cylindrical Mirror Energy Analyzer 19ft2)variations on the source and image locations with
respect to the symmetry axiShe CMA is £cond orderffocusing for a beam entran@mgle ofe 1 & Jand
0 p® p;wivingd P o .There is no aberration term dug toParameterfor the CMAarefoundin Table2.

0 1 cATed ¢c0 “ATOQwh OBT Qi I OEI
o

B adiji 9)

0 ¢p o (fore T & &And0 p& p)p

The inner cylindrical plate iseldatthe same potential as the soufttee symmetry axisat w) to produce a field

free region The potentiatlifference between voltages andw is given by equatioif10).
3w  0Ojn o6
Vo Ojn T @i (10

The maximumextentthat the beam will éer the CMA isi p&i for | T @ JSteckelmacher 197330 a
value ofi ¢®i is recommendetb ensurebeamparticlesdo not hit the outecylindrical electrodg(Moore, et al.
2009)

When the entrancand exit slotdn electrode Tre used to define the resolution, as in the case when the source is
not small, the CMA isfirst order focusing instead of second order focusing. The CMA provides for high
transmissionwhich makes it popular for use asnirror spectrometefM. Yavor 2009)

Figure 10 shows example particle trajectories moving through a °42y@indrical mirror analyzer with
variations in particle angle, energy, and position.

42.3° Cylindrical Mirror Analyzer (CMA)

a=1+3° Efq=1000 £ 35 ev

&

I

I+
0| =

V, =1110V 2

PR 7 AN

¢ = 42'3%: L=10cm Symmetry Axis w = 0.35 cm
Efg=1000eV . — 163em
EO/q =1000eV 1, =7 cm
¢ =111
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) analogous to th€MA. Because it is not popularly used,ist not
discussed here, thougéferences arprovided in the appendi good starting refrence ifRoy and TremblayRoy
and Tremblay, Design of electron spectrometers 1990)
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C. Curved Plate Analyzer (CPA)i Toroidal Geometry

Curved plate analyzers are also caltedlector or sector field analyzers. Firatgeneral toroidal geometry is
described. Special cases of the toroidal geometry asptierical and cylindricalonfigurations.

A toroidal electrostatic field is created when the equipotential suréaeesuved in both the dispersiguiane(x-
z) and in the plane perpdicular to the dispersion plarfe-y). This field is created by coaxial curved electrodes,
which are usually circular arcEwald and Liebl firsproposed the toroidal desigiwald and Liebl 1955)For a
toroidal geometry, théocation of the center of curvature of the circular arcs typically coinclé®nthe centers
coincide, the radily Y "Q,and’Y Y "Q, where"Q is half of the gap between the electradBse center
radius’Y Y Yjc.Note that here, upper case Rypganeaangdlonersed t o
case rds denote t-pplanod. dal <curvature in the x

One particular centralized equipotential curve is given the radios A coefficient called the toroidal factad
is the ratio of the radius to the radiusY Tt , equation(11). The radiud is the deflection radius dhe optical axis
in the xz plane and the raditig 1t is adeflection radius in the-y plane Theequipotential curvature raditg 1t
can be approximated & 'Y 'Y j ¢ (M. Yavor 2009)

. l
W
(11
Yme'Y

A special case of the toroidal sectmalyzeris the spherical deflectoanalyzer(SDA), where the electrode
surfaces areoncentric spheregor the SDAYY 1 {1 QY i i "Q,’Y 1,and® p.Another
special case is the cylindrical deflector analyzer (CDA), where the electrode surfacameeatric cylinders,
curved only in the deflection plane. For the CDA, 'Y Hb and® T The toroidal factor is givemm Tablel
for the toroidal analyzer, CDA, and SDA

Table 11 Toroidal factors, c, for the toroidal, cylindrical, and spherical deflectors.

Analyzer Focusingcondition Toroidal Factor(
. . . @ — (ratio of radial main path
Toroidal Deflector No analytical solution. . i ] )
} radius to axial main path radius)
Cylindrical Deflector . I/I_E pCHJ 0
Spherical Deflector e " puymnld 1

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

The cylindrical deflector analyzer (CDA), also called the radial cylindrical analyzehoisnin Figure11. An
electric field is produced by a potentidifference3w placed across theylindrical electrode®f radiusi (inner
electrode) and (outer electrode)A logarithmic electric field distribution is created tiveen the cylindrical
surfacegM. Yavor 2009) Beam mrticlesusuallyenter the analyzemidway between the electrodes imiaection
tangent to the arc radiuat i i 1 jg.The CDA becomes firsbrder focusingin| ) at adeflection angle
«  “MC pc W JAdditional parameters for the CDdxe collectedn Table2.
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"\ -

Detector/ |« -
0

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

The CDA was first proposed fornalyzing thekinetic energyof electrons(Hughes and Rojansky, On the
Analysis of Electronic Velocities by Electrostatic Means 19@8)ghes ad McMillen, ReFocussing of Electron
Paths in a Radial Electrostatic Field 1928nerally, slits of width) (in the local xdirection) are placed at the
entrance and exibf the radial plates. fle CDA canalsobe designed with deflecting angles smaller than 127.3°
where the sourcand image plane are located outside of the analyzbeifield-free spacéM. Yavor 2009)

With beam particles entering at a radiusthe voltages omhe inner(w) and outer(®) electrodes arset asa
function ofthe probe geometryhe selected transmission enei@y 1] (in eV), andthe entrance/exit slit voltage
according to equation(d2)-(14). In this case the optic axisiatis at potentiato.

®w w Ojf guéiji 12
®w ® Ojn godiji (13

3w 0Ojn o6
2 Ojf cadiji 14

The analyzer can alternatively be operated wiha¢ and opposite voltages applied to the platéh, ®.
In that casehe electrical center of the CDA lscated ati mi 1 (Bryce, Dalglish and Kelly 1973)and the
particle lramwould be designed to enter the analyzer at this radius insteatialf tite gap width.

Moore et al(Moore, et al. 2009)ecommendséimiting the angle of divergence in the plane of deflectioarder
to keep the filling factor below 50%ccording to equatiofl5).

anc i
e (19

One drawback is thahé CDA focuses only in the plane afeflection(x-z plane ofFigure 11, with no y
direction focusing) A point at the entrance slit is imaged as a (ieirection) of lengthiic*i O Al at the exit
slit (Moore, et al. 2009)similar to that shown for parallel plate analyzerEigure6.

Example particle trajectories passing through a cylindrical deflector analyzer are sheiguréai2.
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127.3° Cylindrical Deflector Analyzer (CDA)

Efq=1000ev —>--;

Eo/, =1000ev

L
n=4cm
tp=5cm
n=6cm
C =0.811
vV, =—446V
V, =365V

w = 0.35 cm

Figure 12. Particle trajectories through a 127.3 CDA with angular, energy, and positional variation

2. Spherical De#ctor Analyze(SDA)

The spherical deflector analyzer (SDA), also called the spherical analyzeeatedby placing a voltagé/co
acrossa pair of spherical electroded radiusi (inner electrodeandi (outer electrode)This creates a@ouble
focusing electric field, both in the deflection plane and the perpendicular pldfecusing in both the x and y
directions occurdor the special case of p  tdéflection. A diagram of the SDA is showm Figure 13. The
hemsphericalp  mspherical energy analyzer was first proposedRyrcell(Purcell 1938)

a) b)
Y
slit width, w,
Optical axis /_\
Particle beam L. ll
a\ r
AN |
| v
o
Optical axis
Y
@ = 180° ]
WZ X r

\UT ro

Figure 13. Diagram of the 180 (hemispherical) SDA showing example particle trajectories on the a}x plane
and b) on the xy 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 fieldM. Yavor 2009) An example of a field free focusing analyzeQsterwalder et al(Osterwalder
1989)where al45° sphericaldeflectingangle was used.

The voltages on the inne®() and outer @) electrodes are sas a function of the selected transmission energy
‘0jn (in eV), the entrance/exit slit voltage, and the geometry of the ESAccording to equation& 6)-(18).
Additional parameters for the SDA can be foumdable2.

o i
® ® ¢Ojn p - (16)

, : I
® ® ¢Ojf p 17)

3w Ojn 6
R

s 0jn - - (18

The maximum deviationp , of aparticletrajectory fom the central path is given leguation(19) (Moore, et
al. 2009) Thisvaluewou d be used to select the analyzerds requirec
of maximum angular deviatidn strike the segment surfaces.
W 0 | 0 |
- (19
I Gl ¢ ¢ 1 q

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 teanufactureand align the
spherical sectors.

Sample patrticle trajectories through a spherical deflector analyzer are shieigarel4.

180° Spherical Deflector Analyzer (SDA)

E w
a=1£3° /q = 1000 £ 35 eV n=to

E/q=1000 eV —>--4-

Eo/, = 1000ev
n=4cm

tp=5cm 27,
rn =6cm

C =0.833

V, =-500V

v, =333V z

w =0.35cm

-E, o
Eo
Figure 14. Particle trajectories through a 180 SDA with angular, energy, and positional variation.

D. Parameters for selected types of electrostatic analyzers.
Usefulparameters for all types of electrostatic analyzers discussed in thisageidellected imable2.
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Table 21 Parameters for selected tpesof electrostatic analyzers.

Parallel-plate Parallel-plate mirror,

Cylindrical Mirror,

Symbol  iior, PMA (45°) RO PMA (30°) Ref CMA (42.3°) Ref
Electric Field
o Q 30 Q d €] 30 Q ¢ 0O 3o 11 0ji g
Q@ 0O n Q@ 0O n Q@ 0O
Energy of the Central Ray
a,b
0 A3o I ¢Q cd R3O I C® W e A3ef T&X @lio Tl ji
Analyzer Constant ‘
o) Iq9)(1) ed C® WD e X @loll ji ab
Focusing Condition
. s "M ¢ s "“To ¢ e T®TMYJ d
Potential .
9 , ., C® 0 -, s Al
. ., CQ [ Yo © I T— a
O 20 'OJY]CT b.d 3w 0jn 5 ™ ¢ O] i b
u (V. is at the slit potential) (V. is at the slit potential)
Axial DispersionO 0O jOEI1
: . dfh qU fh 0 d
(@) V] v T8 pix f.h
TraceWidth,O| [ 0 Qi &i
: " d 9 h U | ‘
0 v ¢ f r S o q 08t § | h
Path Length of Central Ray
PP T ‘ pat Yix " pg 1 "
Image Width Due td for a Point Source
Mg O Al b c&0 O Al " T Q¢ 6 {"'ORE "Q e
Symbol  Cylindrical Deflector, 127.3° CDA  Ref Spherical Deflector, 180 SDA Ref
Electric Field
o (€] 3o 11 1ji d (€] 3l 11 1 i d
Q@ 0O Q@ 0O =
Energy of the Central Ray
0 Azwr ¢l 1 ji ed nEofiji iji ed
Analyzer Constant
0 ¢l Tji d Pji gl d
Focusing Condition i
. * = & J d e mJ d
c P Py
Potential
o i cOT | Tlm ifo mat ¢ @I COi T pfi pht ifo mat
i i
EnergyDispersion
0 i ¢ ci ¢
Trace WidthO | f 0 Qi &i
0 i1 jo 1 ¢ al | d
Path Length of Central Ray
__‘I d « ‘I d
c
Image Width Due tp for a Point Source
ngsi OAf b ™ Q¢ 6 {"ORE Q e
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aSteckelmachefSteckelmacher 1973)

®Moore, et al(Moore, et al. 2009)

‘Roy and CarettéRoy and Carette, Electron Spectroscopy for Surface Analysis 1977)

YRudd(Rudd, Low Energy Electron Spectrometry 1972)

°Roy and Trenblay, Dube and Ro§Roy and Tremblay, Design of electron spectrometers 1@e and Roy,
A Generalized Approach for the Determination of Transmission Functions of CHaagtce Energy
Analyzers 182)

"Yavor (M. Yavor 2009)

9Aksela(Aksela, Instrument Function of a Cylindrical Electron Energy Analyzer 1972)

"Calculated from energy resolution equation3 able3, or calculated.

E. Noteworthy Analyzer Designs and Modifications

1. Top HatAnalyzer

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 wfo hemipherical sectgr asshown inFigure 15. A third nested hemispherical
electrode, called the top hat (or top cap) is positioned above the entrance ag@ulieson and Kataria, On
variable geometric factor systems finp-hat electrostatic space plasma analyzers 204dyantages over other
designs are that the top hat analyzer has awely field of view (up to 36%) and can incorporatgosition sensitive
detectors at the downstream end of the sedBwsausef their wide field of view and resolution, top hat analyzers
are populafor space missions (s@@able6).

Axis
Top Hat
Particle beam e Particle beam

\ Detector(s) /

Figure 15. Cross sectional llustration 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 performnil&Da. This is done by applying
potentialsw to flat plates placed above and below the cylindrical electrodes. These additional plates were described
by Matsuda in 1961Matsuda, Electrostatic Analyzer with Variable Focal Length 1961) are called Matsuda
plates. The plates have the effect of forming a toroidal deflecting field wilikimegion of the particle beam. The
cylindrical deflector analyzewith Matsuda plates is shown #Rigure 16. A discussion of improvements and
drawbacks to the design of toroidal analyzers formed with Matsuda platgeeisin Yavor (M. Yavor 2009)
Matsuda plates create an effective field distribution when the distance from the plates to thei®#i2 to 3 times
the value of half of the gapetween the inner and outer cylindrical semts (@ Q°Q, Q ¢o ©, Q

-1 1 ).One drawback is the inclusion lafrge thirdorder geometric aberrations.
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Figure 16. A CDA with Matsuda plates on the top and bottomto create a spherical electric field in thaegion
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 1971Fishkova and Ovsyannikova 199&quation(20) from Yavor (M. Yavor 2009)gives
an approximate analytical exmsion for the toroidl factor.
. 'l O O
w0 — — Qon —= 20
Q 0w ¢Q (20

3. Analyzer Modifications

Other aalyzer types includelliptical mirror, hyperbolic field, box type, ideal focusing, rotationally symmetric
mirror, quasiconical,toroidal mirror, polar toroidal, angle and energy resolving mirror, conical, and cusfMype
Yavor 2009) These designs are modificat®of the simplemirror and deflector designaimed at improvindghe
accuracy resoluton, field-of-view, or othercapabilities of electrostatic analyzes list of references for these
analyzer types is given in this guide under the heafliradyzer ModificationReferences

lll.  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 transmiggion fs triangular, but for a
realbeam andnalyzer it resembles a Gaussian example of which shown inFigurel17.

The energypassband-O of the analyzer may be defined as the full widdt half maximum (FWHM) of the
energy distribution that appears in measudangonochromatic beafoore, et al. 2009)The pass energy through
the analyzer is defined & . The energy resolution of analyzers is usually defined as the #d0 (Roy and
Carette, Electron Spectroscopy for Surface Analysis 1977)

The full width of the transmission function, called the base resol(fEBW), can be alculated ands defined as
3‘0 (Roy and Carette, Improvement of the Resolving Power and Transmission of Electrostatic Spectrometers 1971)
(Roy and Carette, Electron Spectroscopy for Surface Analygry) (Roy and Tremblay, Design of electron
spectrometers 1990We shall definessO (HBW) to be halfof the full width of the base resolutiogO . The
resolutiona’O j ‘O is commonly ckulated in the literature as a close approximatadeQ O . SincezO is slightly
greater than the FWHM-O, this approximation a0 j O overestimates the passband of a real ana(j#eore, et
al. 2009)(Rudd, Low Energy Electron Spectrometry 197Epwever, for a welbesigned analyzegO YO i
The resolving powet is the regprocal of the energy resolutioh: ‘O] 3O (or sometimes calculategsing the
HBW as” ‘0j 30) (Roy and Carette, Electron Spectroscopy for Surface Analysis.1977)

To first order, the entran@nd exit slits (also callegperture usually of equal widtly , establish the passband.

For unequal widthsp should be replaced by 0 j¢ (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 theligxiTlis angular deviation is defined by the
angles | in the deflection plane and in the perpendicular plane.
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Figure 17. Energy resolution terms with an example measured Gaussian curvef the particle beam were
monoenergeticand measuredwith a perfectly designed analyzer, the shape of the curve would be triangular.

The base resolutios’O j O is described byequation(21), using the constants fromable 3. The HBW
resolutionis calculated a0 j O 30 j ¢O (equation(22)).

- (21
yi 50 & 81 (Roy and Carette, Electron SpectroscopySarface
(0] Analysis 1977)
(note upper case constants usedfor.)
YO  pYO (2 y
0 ¢ O (Noting thatfor a welldesigned analyzez;O YO).
Table 31 DEg/E, constants for selected electrostatic analyzerblse in equationg21) and (22).
Analyzer 0 (¢70) ) ) |3
Parallel Mirror- 45° 9 2 1hed 2
ab,c 1C a,c,d
Parallel Mirror- 30° ofd 9.2 1.5° 3
9.33 5d 2
C$) wﬁ ab 5 550
Cylindrical Mirror - 42° V0N = 540 o°d 3¢d
P '
Cylindrical Deflector- 127 A 4/3 1 2
Spherical Deflector 18(° pTi 1 0°¢ 2

"If no superscript is given, the value is found in references a, b, ¢, and d.

aSteckelmachefSteckelmacher 1973)

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

‘Roy and CarettéRoy and Carette, Electron Spectroscopy for Surface Analysis 1977)

9Dube and RoyDube and Roy, A Generalized Approach for the Determination of Tras&mi Functions o

ChargedParticle Energy Analyzers 1982)
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