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1. Introduction

In a large fraction of the experiments using synchrotron radiation, especially those
in the fields of atomic, molecular and surface physics, the interaction between
matter and radiation is studied by investigating the creation of charged and
neutral particles. Parameters such as the energy of the particle, its charge state,
mass and the direction in which it is emitted with respect to target and light beam
orientation give specific information on the underlying physical processes. Therefore
in many cases the major part of the experimental effort is concentrated on the
measurement of some or all of the above mentioned parameters.

This chapter gives guidelines for the design of the apparatus used in such
experiments; it treats practical lens systems for efficient transport of particles,
analysers for energy, mass and momentum and detectors for charged and neutral
particles. The purpose of this chapter is to provide the reader with sufficient
information and basic understanding to enable him to make a “first order” design
of a complete system suitable for his experiment. Therefore all (sub)sections start
with a qualitative explanation of the operation of the various devices and systems
after which a number of useful formulae and tables are given on the basis of
which a choice can be made between alternative possibilities.  Besides that,
practical information is given on matters such as energy and transmission cali-

bration of systems, the choice of materials and the shielding of stray magnetic

fields. Most (sub)sections are concluded with a short list of references in which
more detailed information on the particular components can be found. These lists
are by no means complete. For more complete lists of references the reader is
referred to review papers mentioned in the beginning of the sections.

Because the ion (electron) optical properties of lenses and analysers are better
understood with some knowledge on phase space theory we start with a short
section on Liouville’s theorem (sect. 2). Throughout the chapter relativistic and space
charge effects are ignored.

Section 3 deals with particle transport in lens systems. Because during the last few
years much tabular information on lens parameters has become available, we pay
relatively much attention to the use of these tables for the design of practical lens
systems.

Section 4 treats some ten different types of the most commonly used energy
(mass, momentum) analysers. For other, less commonly used types the reader is
referred to a number of review papers mentioned in the beginning of that section.

Detectors for charged and neutral particles are treated in sect. 5. Special
attention is paid to multichannel detection techniques.

Owing to the fact that synchrotron radiation in general is elliptically polarized,
in a large number of photoemission processes spin-polarized electrons are emit-
ted; therefore a discussion on the transport and analysis of spin-polarized elec-
trons is in order (sect. 6).

369
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When one not only measures the rate at which a certain type of particle is
produced, but also its time correlation with another particle produced in the same
photon impact process, more detailed information on the physical process can be
obtained. Therefore a description of coincidence techniques in general and the
arrangement of coincidence detection systems are presented in sect. 7.

2. Liouville’s theorem

The position and velocity of a particle travelling through space is fully charac-
terized by one point in the so-called phase space, first introduced by Liouville
(1838). This phase space is a six-dimensional space, three coordinates giving the
position of the particle; the remaining three the velocity, or better, the momen-
tum. An ensemble of particles in this way gives rise to a cloud of points in this
phase space. For such an ensemble we can state the following: the trajectory of
each of the particles in real space as well as in phase space is fully known once the
original positions in phase space and the nature of the forces acting on the
particles are known. Now Liouville’s theorem states that the density of points in
phase space remains constant under the action of conservative forces. A force is
conservative if the total work done on the particle only depends on its initial and
final positions; i.e., all forces on charged particles due to stationary electric and
magnetic fields are conservative. For the remainder of this chapter we will limit
ourselves to stationary fields.

If we concentrate on beam-like ensembles then, depending on the symmetry,
the number of relevent coordinates in phase space usually decreases. For cylin-
drical and for rectangular symmetry the beam can be characterized by one (r, p,)
and by two independent (x, p,) and (y, p,) two-dimensional subspaces, respec-
tively. For each of these three subspaces Liouville’s theorem holds independently,
i.e., if for instance for cylindrical symmetry at a certain moment in time or for a
given z position all particles of a beam are contained within a certain area in the

(r, p,) phase space, this area will remain constant for the forces mentioned above.

Frequently we are not directly interested in the position and momentum (r,p)
of the particle but more in the particle trajectory, i.e., the position and direction
coordinates (r, a,) where e, is defined as a, = arctan (»/p.). The area taken by the
beam particles in the (r, ,) space is not constant however; one can prove that it
increases inversely proportional to the square root of the energy of the particles.
This can be seen easily: if for instance one accelerates the particle in the
z-direction to a higher energy, the radial momentum p, remains the same;
however, the axial momentum p, increases and consequently «, decreases. The
area in the (7, &) space multiplied by the square root of the energy (divided by a
factor =) is called the emittance (normalized emittance). This quantity is an
invariant of the beam. If the number of particles emitted per unit source area and
unit solid angle is constant then the phase space diagram is a parallellogram with a
homogeneous density of phase space points. In actual beam physics the phase
figure often is an ellipse, see sect. 3.2.3 and Wollnik (1976). We will now give a few
examples of how this theorem can be used.
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Assume an object at position O is imaged at position I by means of a lfens, see
fig. 1. In sect. 3 we will go into how a lens works and what it looks like. All
particles leaving the object (length J,) within an openin.g angle «, are focussed at
the image (length I) within an angle ;. If the energies of t‘he paytlcle§ at the
object and image are E, and E,, respectively, the before-mentioned invariance of

the emittance leads to:
loaoE(l) 2= La,E }/2 . (1)

In this we have assumed implicitly that tan @ ~a. This form of Liouville’s
theorem is also known as Lagrange’s law. Note that this law does not invqlve the
average angle 65 of the particle trajectories with the optical axis. Also this ang}e
05 is sometimes rather confusingly called the opening angle of the beam. To avoid
possible confusion we shall call ap and «; pencil anglc?s and ().B‘a beam angle.. In
fig. 1 the (r, ,) phase space diagrams are given for various positions of the optical
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Fig. 1. A particle source (height ) at position O is imaged (height ;) at pqsition I l?y means of a lens.
From every point of the source particles are emitted within a cone with opening a.ngle - T¥16
numbers 1-9 indicate characteristic particle trajectories. Phase space diagrams representing t.he rad}a]
coordinates (r) and the direction of propagation of the beam particles (a;) are sl_lo».vn for various axial
positions: the source and image planes, the focal planes PF; and PF, and the principal planes .PPI and
PP.. The lens is accelerating and is assumed to be “thin”, i.e., PP, and PP;, generally located right and
left of the lens symmetry plane, respectively, coincide (see sect. 3) 6g is the so-called beam angle.
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system. Because in the figure the energy E; is assumed to be larger than E,, the
area in phase space at the image side of the lens is smaller than at the object side.
Note that the beam angle is zero at the object position. By a suitable choice of
lenses, this angle can always be made zero again. In that case the phase space
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Fig. 2. Two possible ways of particle beam collimation by which a certain required opening angle (8)

and beam size are obtained. (a) Collimation by means of two diaphragms placed at a suitably chosen

distance from each other. (b) Collimation by means of a combination of diaphragms and lenses. The

focal planes of the first lens coincide with the apertures I and IT and those of the second with apertures

I and III. A comparison of the two shaded areas directly shows that the second method of collimation

is more efficient than the first one. (Under the general assumption that the number of particles per unit
area is constant.)
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diagram has a rectangular shape. For an optimal design it is essential to consider
the phase space diagram at various points of an optical system; e.g., at the
entrance of an energy analyser it is often preferable to reduce the beam angle to
zero (sect. 4). '

As a second illustration of this theorem we will discuss the collimation of beams
(fig. 2). In some cases it is necessary to limit the emittance of the beam, i.e., either
its divergence or its linear dimensions. Of course by a suitable choice of optics
these two are interchangeable. In particular this can be done by placing a set of two
diaphragms at a sufficiently large distance (fig. 2(a)). However, this method is not
very efficient in the sense that more particles are cut away than is strictly
necessary. A more elegant way is to make use of a set of two lenses of which the
focal planes coincide (telescope). The source is placed in the focal plane of the
first lens. It will be clear from the figure that a diaphragm at the common focal
plane (position II in fig. 2(b)) controls the divergence of the beam without
changing its diameter, while diaphragms at the source or at the position of the
image of the source (positions I and III in fig. 2(b), respectively) control the
diameter without affecting the divergence. As will be clear from the comparison
of the areas of the two shaded phase space diagrams (fig. 2(a) and (b)) the method
of collimation of fig. 2(b) is to be preferred above that of fig. 2(a).

Finally we will show how one can quickly estimate which fraction of the total
number of particles produced in some physical process will be accepted by an
arbitrary electron (ion) optical device, assuming ideal transport. Take for instance
the following case: one is interested in determining the energy distribution of
photoelectrons produced by a 1 mm diameter light beam impinging on a solid

~surface. Photoelectrons are assumed to be emitted isotropically over a solid angle

of 0.5sr* (ay=45° in fig. 1) and their excess energy is about 1eV. The energy
analyser one wants to use has an acceptance solid angle of 0.03 sr (« = 5°) and an
entrance aperture with diameter 1 mm. The electron energy in the analyser is
0.25eV. In this case the emittance of the “beam” leaving the surface is equal to
0.1257 (srmm?eV) and the acceptance of the analyser is 1.875X 1027
(st mm? eV). In the ideal situation where there is no degradation of beam quality
during transport from surface to analyser, only 1.5% of the total number of
electrons produced in the process is accepted.

3. Charged particle transport

3.1. Introduction

Between physical process and particle analysis/detection some form of particle
transport is required. For this purpose electron (ion) lenses are used. An ideal lens
is a device which exerts a force on a particle proportional to the distance r
between the particle and the optical axis of the system. The optical axis or plane
usually coincides with the symmetry axis (plane) of the lens. Consequently an

*sr stands for steradian.



374 E.HA. Granneman and M.J. van der Wiel

ideal lens is capable of focussing all particles from a point source (or slit) at the

entrance side of the lens into a point (slit) image at the exit side, independent of
the initial angle of the particles with respect to the optical axis. Usually lenses are
not ideal, i.e., the force is only linear with r in a limited region around the optical
axis. Therefore particles leaving the source with large opening angles or more
generally entering the lens at large r are imaged with aberrations.

In the following we shall first treat the general properties of lens systems in the
paraxial approximation, i.e., the excursions of the particle trajectories with respect
to the optical axis are assumed to be small enough to make aberrations negligible
(sect. 3.2). In sect. 3.3 various types of one- and two-dimensional lenses will be
treated. Section 3.4 deals with aberrations and in sect. 3.5 some practical lens
systems are discussed. For the choice of materials we refer to sect. 4.8. Note that
to a large extent the general properties of lenses mentioned in these sections also

“apply to the dispersive elements (sect. 4).

3.2. Lenses, paraxial approximation

3.2.1. Characteristic lens parameters and ray tracing
Although the following is probably familiar to most readers we briefly go through
the basic ideas of lens parameters and ray tracing.

The focussing properties of lenses and dispersive elements can be characterized
by a set of four numbers, two focal and two principal lengths, defining four points
on the optical axis. The planes through these points, perpendicular to the optical
axis are called the focal and principal planes, respectively. Knowledge of these
four points (planes) suffices to trace the asymptotic trajectory of a particle once
its initial position and angle with respect to the optical axis are known. In fig. 3(a)
the focal points and principal planes (PF;, PF, and PP;, PP,, respectively) are
shown. Note that the definitions of focal and principal distances are only
meaningful in the paraxial limit.

The asymptotic trajectories of particles entering and leaving the lens can be
found as follows;

(a) A particle entering the lens at the object side, going through the focal point :

PF, is assumed to follow an asymptotic straight line trajectory up to the principal
plane PP, where this trajectory is refracted such that it leaves the lens parallel to
the optical axis (fig. 3(a)).

(b) A particle entering the lens parallel to the optical axis is assumed to follow
an asymptotic straight line trajectory up to the principal plane PP,, where this

trajectory will be refracted such that it leaves the lens through the image side.

focal point PF, (fig. 3(a)).

(c) Trajectories, parallel at the entrance side, cross each other in the same point
of the focal plane (PF,-plane). .

(d) In passing from one principal plane to the other there is unit linear
magnification.

The first two rules permit one to locate the position and size of the image (fig.
3(a)) while the third rule enables one to trace an arbitrary particle trajectory
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Fig. 3. Characterization of a lens by means of focal and principal planes. The axial position of the
focal planes (points) PF; and PF; and the principal planes PP, and PP; is determined by the magnitude
and the sign of F|, F, f; and f». F, and F>, and the object and image distances P and Q are defined
with respect to the symmetry plane; the focal lengths f; and f, with respect to PF, and PF,,
respectively. The arrows define directions corresponding with positive numbers P, Q, Fy, and f,,. With
this convention a positive lens—i.e., the lens most frequently encountered in charged particle
transport — has positive values for all four numbers F,, and fi2 (see also fig. 12). (a) Two characteristic
asymptotic trajectories; one entering the lens parallel to the axis and one going through the object
focal point. (b) Tracing of an arbitrary ray (starting at A). The actual trajectory coincides only at
asymptotic distances.

asymptotically; see fig. 3(b), trajectory going through point A at an angle a with
the optical axis. The asymptotically straight line trajectory is continued up to
point B where it crosses the principal plane PP,. A horizontal line BC provides
point C on the principal plane PP, from which the outgoing trajectory starts. The
asymptotic trajectory CDE of the particle leaving the lens can be found realizing
that it should cross the focal plane located at PF, at the same point D as the ray
GH entering the lens parallel to AB going through focal point PF; (rules b and c).

From the schematic picture of fig. 3(a) the following relations between object
and image distances P and Q, respectively can be deduced:

(P_Fl)(Q‘Fz):foz‘ )]

This relation is Newton’s formula for “thick’’ lenses. It can be seen easily that the
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choice of the symmetry plane is arbitrary, only the position of the two focal points
PF, and PF- and the two focal lengths f1 and f, matter. For lenses with coinciding
principal planes (“‘thin” lenses) and for which f, = f,, relation (2) simplifies to the
well-known result:

1,1 1
PO f ' ©

For the linear magnification M, = I/l, we can write:

M: =
“"P-F  —f

From relation (1) it can be seen that the angular magnification M, = aifaq (fig. 1)
and M, are coupled according to:

M My =VEyE; = fi/f,. )

In case more lenses are used in series it is possible to consider the series as one
new lens, again characterized by two focal points (planes) and two principal
planes. For instance for a lens set C consisting of two lenses A and B with a
distance D between the two symmetry planes we can write:

(P—F9)X(Q—F%) = f§f§ : (6)
in which:

E=RED . f5=fAAID,

)
Ff=F{+iD-fAfsID',  FS=F3+iD~ iy

where D' = (F?+ F£~ D). In egs. (6) and (7) P, Q, F§ and F§ are (arbitrarily) §

defined with respect to a new symmetry plane located helfway between the sym-
metry planes of the lenses A and B. In case D’ = 0, then F$, and f¥, go to infinity; a
system which is called telescopic. Examples of such a lens system are the Heddle-type

lens (sect. 3.5) and analysers in which the entrance and exit slits are located at the A

boundaries of the deflecting fields (sect. 4.2).

3.2.2. Matrix formulation

In cases where the lens system consists of one or two lenses, the quickest way to 4
get insight in the properties of the system is to trace a few characteristic rays

through the system graphically or to use egs. (2)-(7). However if the system
consists of more than two or three lenses these methods very soon become
laborious. In that case it is often more convenient to calculate the lens properties
by means of the so-called transfer matrices (Banford 1966, Hawkes 1970, Di Chio
et al. 1974).

—fl _Q_FZ' (4)
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A transfer matrix relates the position and slope of a ray at some plane (z = z))
to its position and slope in another plane (z = z,). Again limiting ourselves to
asymptotic trajectories in the paraxial approximation, we can generally state:

()= p)()- ®

where r;, r| and r,, r5 denote positions and slopes of a ray at the planes z = z, and
Z = z3, respectively. For the moment we will only consider axial symmetric
systems. If we consider for instance a trajectory in a field-free space (see fig. 4), it
is easy to see that:

(D=6 @)@ ©)

For the matrix relating the position and slope of a ray at two sides of a lens we
can write (fig. 5):

_ (zo— ZPFZ) (22 _ ZPFz)(zl - ZPFI)_,_f[

r
? f2 £ n
= . < (10)
’ 1 (z1— zpg )
r - 21 <PF) :
’ f f "
ﬁr’
g n /)
: r
_.__/l, !
z2=0 z 2z zZ—-

Fig. 4. The trajectory of a particle in field-free space. The radial coordinate and direction of
propagation at the axial positions z, and 73 are denoted by (r, r{) and (ry, r3), respectively (r = rj).

—f
] fz

Fig. 5. The asymptotic trajectory (dashed line) of a particle passing a lens. (r1, ri) and (13, r}) give the

radial coordinates and directions of propagation at the axial coordinates z; and z, respectively. Note

that z; and z, are not necessarily object and/or image positions. The solid line shows a more realistic
trajectory.



378 E.H.A. Granneman and M.J. van der Wiel

Several special cases for z; and z, can be considered: )
—2z, and z, coincide with the object image focal planes respectively; in that case:

(2 g>:<—f/f2 ]3) | (1

—z, and z, coincide with the principal planes PF; and PF,, then:

(é g) - (—11/f2 fl(/)fz)’ @ |

—z; and z;, coincide with the object and image plane, then:

(@ b)- (G fl/fSML) ’ (13)

in which M, is the linear magnification (4). ‘
The transfer from z; to z, can now be considered as being composed of a drift
from z; to PF,, a transfer from object to image focal plane and a drift from PF, to

Zy; 1.e.:

(-6 “ )iy D6 )6 04

Of course eq. (14) is equivalent to eq. (10). This method is advantageous in case
systems containing many lenses have to be treated. Note that the determinant of
each matrix is equal to one if no acceleration or deceleration takes place and
equal to fi/f>= V'E,/E. if acceleration or deceleration from E, to E, occurs.

In the way sketched above it is possible to compute the transfer of rays through
lens systems of arbitrary complexity.

3.2.3. Waist-to-waist transfer

So far we have been dealing with the imaging of particle sources and/or other
objects. However, usually one is not interested in the exact image but in a suitable
(small) object for a next optical element such as for instance an energy analyser
(sect. 4). In fig. 1, for instance the smallest beam size, called the beam waist, is not
located at the image, but at the focal plane. Such a beam waist can equally well
serve as an object for the next optical element. Especially in the case depicted in
fig. 2(b), the beam waist in between the two lenses would be a good new object: it
has zero beam angle. Now it is possible to make an image of this waist “object”,
i.e., to proceed in the usual way of object-to-image transfer (conjugate point
focussing; egs. (2)~(7)). However, in some cases it may be advantageous to (also)
consider waist-to-waist transfer. In the case of the rectangular phase space
diagrams this can easily be done graphically. In the general situation shown in fig.
1, where from each point of a source particles are emitted within a certain pencil
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" angle, a lens produces a (new) waist, which, depending on the size of the source

and the pencil angle is either located at the focal plane or coincides with the
image. In case of elliptically shaped phase space diagrams (sect. 1) the situation is
more complicated. Because this mainly concerns long beam transport lines we
limit ourselves to a number of references. Banford (1966), Galeys and Rose
(1967), Silbar (1970) and Luccio (1970) treated waist-to-waist transfer in the thin
lens approximation, while Glavish (1972) derived formulae describing the same
for thick lenses.

3.3." Practical types of lenses

In the past decades various types of magnetic and electrostatic lenses have proved
their usefulness for efficient transport of charged particles (Grivet 1965, Klem-
perer and Barnett 1953, Septier 1967, Banford 1966, Mulvey and Wallington 1973,
Liebl 1978). The principal difference between magnetic and electrostatic lenses is
that the forces exerted by magnetic fields depends on the particle momentum
(mv) while the influence of electrostatic fields on particle trajectories depends on
the particle energy (Gmo?).

Nowadays for most low energy applications electrostatic lenses are used
because this type of lens usually is relatively small and uses no energy (no
cooling); it does not contain bulky (magnetic) materials and/or coils; besides that,
electric stray fields are more easily screened than magnetic stray fields.

However there are specific circumstances where magnetic lenses are the better
choice. This is especially the case when light particles (electrons) with high
energies have to be transported. Electrostatic lenses requiring electric fields of
50-100 kV/cm are not practical in view of the high-voltage break-down problems.
Because synchrotron radiation experiments usually do not involve these high
energy particles we will concentrate on electrostatic lenses. Readers interested in
magnetic lenses are referred to Fert and Durandeau (1967), Glaser (1952) and
Hawkes (1967).

In the following, two classes of lenses will be considered; the so-called weak
and strong lenses. Cylinder lenses and aperture (slit) lenses are weak lenses while
quadrupole lenses belong to the class of strong lenses.

It should be noted that whenever potentials on lens elements are mentioned,
these are referred to a potential at which the particles would have zero energy,
i.e., in most cases the source potential.

3.3.1. Weak lenses

(a) Cylinder lenses. In fig. 6 a cylinder lens consisting of a combination of two
cylinders at different potentials is shown. The shape of the electric field near the
gap is such that a charged particle entering the lens feels a force directed radially
inwards at the entrance side of the lens and a force radially outwards at the exit
side of the Iens (or vice versa, depending on the charge state of the particle and
the polarity of the potentials on the cylinder elements). However, due to the fact
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Fig. 6. The principle of operation of a cylinder lens. The dashed lines indicate equipotential lines. The
electric field & present in the vicinity of the gap between the two
directed inwards on entering and outwards on leavin
radius and leaves it at a smaller one the overall effect

axis.

cylinders has a radial component &,
g. Since the particle enters the system at a large
is a bending of the trajectory towards the optical

that the radial field at a large radius on entering is larger than the radial field at a
smaller radius on leaving, the net effect is a bending of the trajectories towards
the axis. This is shown in fig. 6. Because this effect is stronger for trajectories
initially further away from the axis, the system acts as a lens. Various com-
binations of cylinders are possible, see fig. 7. All characteristic lens parameters
scale with the diameter D of the lens and therefore they are usually expressed in
units of length D. Beyond a distance D from the gap the field is practically zero
and consequently a new optical element can. be placed at that distance from the
gap without disturbing the lens. This means that a three-element cylinder lens like
the one in fig. 7(b), can be considered as two two-element lenses provided the
central cylinder has a length equal to or larger than 2D.

As for the nomenclature: a lens is called an “immersion” lens if particles are
accelerated or decelerated (figs. 7(a,c) and 7(b,d) if V3# V)). A three-element lens
is called an “einzel” lens if Vi= V. A “unipotential” lens is a three-element lens
of which the central element is at the particle source potential.

The characteristic parameters of the most important types of lenses have been
calculated with high precision; the position of focal and principal planes are
usually given ‘with an accuracy better than 1%. Extensive tables describing
cylinder lenses of various dimensions (fig. 7) have been given by Harting and
Read (1976). This book should be on the shelf of every designer of electron (ion)
lens systems. Harting and Read treat two-element lenses with various gap widths,
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Fig. 7. Cylinder lenses consisting of two and three elements with equal diameters D, (a), and (b), and
unequal diameters, (c) and (d). Vi, V, and V3 denote potentials applied at the cylinder elements.
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ratios V,/V, between 1.2 and 90; three-element }enses with a length
(E;Iflctih‘éoit;ftial elemerit equal to D and 0.5 D and V3/V} varying l?etween 1.0 gnd
30. For each of these combinations-the position of the image is given for \l/ary12g
object position (the so-called P-Q curves; for P and O, see (fig. 3).b{3x s? the
aberration coefficients (sect. 3.4) are tabulated for each of the contl) ina }totlns.
Harting and Read also treat lens systems made up of recta.ngula.r tules “;1 a
large height/width ratio. This may be consideresi as the one‘-dlmel?su‘)na artl)a lo%us
of the éylinder lens, i.e., it gives one-dimensional focussing. Similar tla9 ‘;Jza E
information can be found in Read et al. (1970), Adams a}nd Re?d ( a,b),
Natali et al. (1972), Kuyatt et al. (1972). Thre.:e-el.ement umpotentl'al len;ei frg
treated by El-Kareh and Sturans (1971a,b). Di Chio et gl. (1974) give ta 111 ade
lens parameters and P-Q curves for large voltage ratio two-element cylinder

lenses (up to V,/V, = 10%.

(b) Aperture (slit) lenses. A second type of electric field conﬁguralllti(l)n ;:apable‘;)lf
i i i due to a set of two parallel plates wi
focussing charged particles is that . pla /
i i In this case the unit dimension
tures, held at different potentials, see fig. 8(a). '
?spfhre aperture diameter A. The space before the first and behind the second pla;e
is assumed- to be field-free. Also in this case three or more elements.can e
employed (see fig. 8(b)) with possibly different aperture diameters and c:)llstan(f::;
i lens systems are comparable wi
between the plates. The properties of thessa ‘ '
theozz of the C}I/)linder lenses. The one-dimensional analogue of the aperture le}rlls is
the slit lens (height much larger than width). Harting and Read (19r7t6) ::g
tabulated the positions of focal and principal planes fzr ;z)vo-ei;:r?entt ;ﬁ; :lzn e

i i 1.2 an and for -
slit lenses for voltage ratios V,/V, between \

i Also P-Q curves and aberration
lenses with V5/V; between 1.0 and 30. .
coeflicients aresgiven. Similar information can be found in Read (1969a,b) and
Read (1970). '

A sl()ecial) type of aperture lens is the so-called Calblck' lens (Klempergr 1953)6.
One can prove that a plate containing an aperture separating two reglonsbln 'Sp?;e
with different electric field strengths acts like a lens (see fig. g(a)). If E, t1s ihe
energy of the particle (V, = Ey/q is the potential on thc? plate with respect to the
particle source, which is assumed to be at zero potential) and &; and &, are

V vV, Vi V¥

i i cond
Fig. 8. Two- and three-element aperture lenses. The regions before the first and behind the se
e aperture are field free.
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£ £,

V=0 V=V,

Fig. 9. The Calbick lens; a plate with an aperture separating two regions in space in which axial

electric fields with different strengths &, and e, are present acts as a lens. This type of lens is

considered to be thin, i.e., f = F. (a) General case &, # &, # 0. (b) Special case in which £, = V,/d and
£, = 0; this is a negative lens with f = —44.

electric fields left and right of the plane, respectively, then the focal length of this
(thin) lens is given by:

fa=4E/q(e2— 1) . (15)

If (e2— &) is positive, the sign for f, is positive. Unlike all other lens types treated
so far, the Calbick lens can be either converging or diverging, depending on the
signs and the relative strengths of the fields. In first approximation the strength of
the lens is independent of the diameter of the aperture. We will give the following
example (fig. 9(b)): assume particles produced on a flat surface at zero potential
are accelerated in a homogeneous electric fields &, = V,/d, then pass an aperture
and enter a field-free region which for instance can be the first cylinder of a set of
cylinder lenses. Now &, = 0 and consequently f, = —4d.
For a slit an equivalent relation holds:

fs = 2E0/q(82_ ,81) ) (16)

Le., a slit lens is twice as strong as an aperture lens, however, only one-
dimensional focussing occurs.

3.3.2. Strong lenses: quadrupole lenses

Although, because of their mechanical complexity, quadrupole lenses are not
frequently encountered in lens systems used in atomic physics experiments, they
have some distinct advantages. They are very strong for short lengths and they
have the capability to change the shape of a beam in each of the two dimensions
(x and y) independently. This makes it possible to change a circular (square)
object into a rectangular one with the desired height and width. This property can
be exploited to optimize the shape of a beam before it enters a (for instance
one-dimensionally focussing) energy analyser; see sect. 4. For that reason we pay
relatively much attention to this type of lens.
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Fig. 10. Electrostatic quadrupole lens, consisting of four bars with hyperbolic surfaces. Opposing bars

have the same potential. The plus and minus signs indicate equally large potentials which are positive

and negative with respect to the particle source potential, respectively. Replacement by cylindrical
rods with diameter 2.3 R, (see fig. 11) gives a good approximation of the ideal field.

In principle a quadrupole lens consists of four bars with hyperbolic surfaces
arranged according to fig. 10. In an electrostatic quadrupole the two sets of
opposing hyperbolic bars have positive and negative potentials, whereas in the
magnetic case they consist of magnetic north and south poles. Contrary to the
other types of lenses discussed so far, quadrupole lenses are considered to be
strong focussing devices. This is due to the particular shape of the electric
(magnetic) fields (see fig. 11). Whereas the electric fields in axially symmetric
lenses only have a relatively small radial component, the electric fields present in
quadrupole lenses are fully radial and can extend over large z distances (the
length is a free parameter). These fields vary linearly with the distance from axis
and consequently such a set-up acts like a lens.

Fig. 11. The shape of the fields present in electrostatic and magnetic quadrupoles. The curved lines

connecting the hyperbolic surfaces are electric (£) and magnetic (B) field lines. The particles enter the

lens perpendicular to the plane of the drawing. From the x and y components of the electric and

magnetic fields it can be seen that a quadrupole lens is converging (positive) in one dimension and
diverging (negative) in the other.



384 E.H.A. Granneman and M.J. van der Wiel

As is clear from fig. 11, this type of lens is positive or converging in one plane -

(the yz plane for positively charged particles) and negative or diverging in the
other plane (the xz plane). Therefore the particle motion in the xz and yz planes
have to be treated separately. In the converging and diverging planes the particle
trajectories inside the lens can be described by means of trigonometric and
hyperbolic functions, respectively (Regenstreif 1967, Hawkes 1970). The strength
of a particular quadrupole field is given by the field number k:

1/2
electrostatic lenses, k = I%_ (%) , (17a)
q
. 1 q "1~ ‘
magnetic lenses, k = R [,uONI <2m—E> ] , (17b)
q

R, is the aperture radius (fig. 11); V is the potential on the poles, NI is the
number of ampére-turns available per pole, E and m are the particle energy and
mass, respectively. uo=47 x 1077 Hm™ is the magnetic susceptibility and g the
elementary charge. Equations (17) hold for singly charged particles. The strength
of the quadrupole as a whole is characterized by:

0=kL, where L=I[+11R,, (18a,b)

L is the so-called “effective length™ of the quadrupole; [ is the electrode length.
Equation (18b) ensures that fringing field effects are properly taken into account.
The position of the focal and principal planes are shown in fig. 12. For the
converging plane one can write:

Fu Fy cotf  fu fo 1
L L 6 ° L L 6sne (192)

and for the diverging plane:

Fy_Fp_ cothé fo_fo_ 1
L L 0 L L @sinhé’ (19b)

One can now trace the particle trajectory through any number of quadrupole
lenses by applying the transfer matrices given in egs. (10) and (14) for each of the
two planes separately. Note that f; has a negative sign.

The transfer matrices for the focussing and defocussing planes, respectively, are:

cosh 6 (L sin 8)/6

cos 6 (L sin 8)/6\_ _
)’ M-= ((e sinh 6)/L  cosh 6 ) - 20)

M, = ((—0 sin §)/L cos 6
These matrices describe the transfer from the entrance to the exit plane of the
quadrupole lens.

It will be clear that a single quadrupole is not a very useful device because of its
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Fig. 12. The location of the focal and principal points (planes) PF;, and PPy, respectively, in the

converging (a) and the diverging (b) plane. F; and F, are defined with respect to the front and back

planes of the quadrupole respectively; f, and f, with respect to the focal points PF, and PF,. Note the

signs of the various quantities f and F (eqgs. (19)) and the direction of the corresponding arrows (see
also fig. 3(a)). The lens shown in this figure has 6 < /2.

different behaviour in each of the two planes. However, it can be shown that a set
of two quadrupoles in series, i.e., a converging-diverging combination in one
plane and consequently a diverging—converging in the other plane, always acts as
a positive lens in both planes, provided their distance is smaller than the sum of
the focal lengths (fig. 13(a)). In general such a doublet will not image an object at
the same axial (z) position for the xz as well as the yz plane. Only a careful
choice of the strength of each of the two quadrupoles and their mutual distance
will produce an image at one axial position in the xz and yz planes simul-
taneously. Also the magnification will be different for each of the two dimensions.
This leads to a distortion; of a circular object an elliptical image is formed. The
ratio § between the magnifications in the xz and yz planes usually has values
between 2 and 20. This effect is an advantage whenever it is necessary to
transform a slit shaped object into a circular image, or vice versa. Note that
Liouville’s theorem (1) still holds for each plane independently. In case one wants
to avoid too large a distortion a combination of two doublets or of three
quadrupoles, a so-called triplet can be used (fig. 13(b)). The distortion 8 can now
easily be made close to unity. Another advantage of a (symmetrical) triplet is that
the principal planes are situated symmetrically with respect to the median plane of
the lens and are therefore, to a large extent, independent of the level of
excitation. If one considers the lens to be thin, this means that changing the level
of excitation does not change the position of the lens in either of the two planes.
If the excitation of a doublet is changed, the principal planes of the diverging—
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OBJECT ' ‘
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Fig. 13. A comparison between a quadrupole doublet (a) and triplet (b). The upper and lower figures

of (a) and (b) show the imaging in the two main planes of the quadrupoles. ¢ and d indicate the 3

converging and diverging planes of the various singlets. Note that the image distortion is much larger
with doublets than with triplets.

converging and converging-diverging combinations shift in opposite directions
which makes the adjustment of the lens as a whole more difficuit.

A handy graphical method for determining the combination of doublet and
(symmetrical) triplet parameters yielding coinciding images in the xz and the yz
planes is given by Enge (1959, 1961). An analytical treatment of single quadru-
poles, doublets and triplets is given by Regenstreif (1967). Hawkes (1970) gives an
extensive tabulation of the parameters of the various types of quadrupole systems;
aberration coefficients are included.

As was already mentioned in the beginning of this section, the main advantage :f
of quadrupoles above weak lenses is the fact that the focussing is much stronger.

For instance a three-element cylinder einzel lens with V,/V,=5 has ap-
proximately the same strength as a rather short quadrupole triplet with excitation

potentials of the order (0.2-0.3)V,. This is already a large advantage for potentials

Vi of the order of kilovolts. Another advantage of quadrupoles is that the

spherical and chromatic aberrations can be made very small or even zero. This, -
however, usually requires very sophisticated designs (Hawkes 1970). The major '

disadvantages of quadrupoles are the large number of independently controllable
voltages which are required and the complex mechanical construction. The
requirements on the mechanical construction are slightly relaxed by approximat-
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ing the hyperbolic surfaces by cylindrical rods with a diameter equal to 23 R,
Usually the additional aberrations due to this non-perfect shape of the electrodes
are negligible. ‘

3.4. Aberrations

So far we have treated lenses in the paraxial approximation: besides that it was
implicitly assumed that the particles to be transported were mono-energetic. In
general, however, neither of these two conditions is fulfilled. This gives rise to the
so-called geometrical and chromatic aberrations, respectively. Besides that im-
perfections due to misalignment and inaccurate machining of lens components cause
mechanical aberrations. We will limit ourselves to chromatic and geometrical
aberrations of electrostatic lenses.

Except in applications such as electron microscopes, one is usually not inter-
ested in producing an exact image of an object. It usually suffices to ensure
oneself that the various aberrations do not increase the overall size of the image
by more than a small fraction of its aberration-free size. This may not be sufficient
in cases where one wants to make an image on a high resolution position sensitive
detector such as a channel plate (sect. 5).

(a) Chromatic aberrations

Every ensemble of particles with average energy E will have a certain ¢nergy
spread AE. Due to the fact that the strength of a lens is dependent on the ratio of
the potentials applied (or equivalently the ratio of particle energies, because the
potentials are defined with respect to the particle source potential), particles with
an energy difference AE will see lenses with different strength. Consequently
lenses are discriminating elements, but have no dispersion in the true sense of the
word; this gives rise to chromatic aberrations. This can be expressed by means of
a chromatic aberration coefficient C,, (Hanszen and Lauer 1967):

Ar(:h = aCch AFE > ‘ (21)

Ary is the transverse displacement in the paraxial (aberration-free) image plane of
the trajectory of a particle with energy E +AE leaving a point object on axis,
making an angle « to it. For weak lenses, to our knowledge, these coefficients C,
are not tabulated as such. However, the energy dependence of the positions of
principal and focal planes can be deduced from the tables given by Harting and
Read (1976) and the various papers mentioned in sect. 3.3.1. For very strong
magnifications and diminutions Hanszen and Lauer (1967) give approximated
expressions for Cy. For quadrupoles these coefficients are tabulated by Hawkes
(1970).

(b) Geometrical aberrations
All aberrations up to third order, which are due to non-paraxial trajectories in



388 E.H A. Granneman and M.J. van der Wiel

planes containing the axis, can be expressed in terms of the so-called spherical
aberration coefficient (Adams and Read 1972, Hanszen and Lauer 1967). This
includes aberrations like coma, distortion, field curvature and spherical aber-
ration. Only aberrations like off-axis astigmatism cannot be treated in this way.
However, for the reasons mentioned in the beginning of this section we consider
the third order spherical aberration coefficient C, to be sufficiently indicative for
the overall image size. It is defined as (Hawkes 1967) (see fig. 14):

Ary= M .Cia®, (22)

where Ar; is the transverse displacement in the paraxial image plane of a ray
which leaves a point object on axis making an angle « to it. M, stands for the
linear magnification. For weak lenses the coefficients C. are tabulated by Harting
and Read (1976) and in the other papers mentioned in sect. 3.3.1. For rays parallel
to the axis (« = 0) a modified coefficient Cy(0) is given:

Ary=3C(>)(d/DY, : (23)

where d/2 is the transverse displacement of the ray from the axis on the object

side; D is the characteristic dimension; i.e., cylinder or aperture diameter, slit
width. The geometrical aberration coefficients for quadrupoles are extensively
treated and tabulated by Hawkes (1970). '

Finally we give a few practical remarks which have proved to be very useful for
minimizing the aberrations of the most commonly used weak lenses:
~The aberrations in the image can usually be kept within a few percent of the

v v, v

Fig. 14. Actual electron paths in a cylindrical einzel lens operated in the accelerating (V,/V; = 12.1)
and decelerating (V,/V; = 0.045) modes (from Adams and Read (1972a)). In both modes these lenses

have the same first-order focussing properties. However, due to spherical aberrations the image -

positions are strongly shifted. The length of the central cylinder is equal to the diameter D; the

vertical scale is a factor 2.5 larger than the horizontal one. The object distance the paraxial image

distance are equal to 2D (dots). The rays closest to the axis are those of the accelerating mode. The
filling factor is 60% in both cases.
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characteristic lens diameter D (i.e., cylinder or aperture diameter, slit width)
provided the filling factor of the lens is less than 50% and the lens is used in the
accelerating mode. The filling factor is defined as the percentage of D which
would be filled if the trajectories in the field-free parts of object and image space
are extrapolated to the centre of the lens (whichever fills the lens most).

—Keep the lens as short as possible in terms of the total number of units D.
Whenever particles have to be transported over a certain fixed distance between a
source and, say, an energy analyser it is preferable to cover that distance in a
“short” strong (large diameter) lens rather than in a “longer”, weaker (smaller
diameter) lens; short and long being defined in terms of units D.

—The aberrations of multi-element lenses are smaller for accelerating inter-
mediate elements than for decelerating ones (see for example fig. 14).

- Beam steering devices like deflection plates have to be kept away from lens
gaps at least one unit D. It is advisable to apply these plates behind every
aperture or slit which defines a source or an (intermediate) image. Another
possibility is to introduce deflecting plates in the center element of an einzel lens,
or to use the rods of the central quadrupole in a triplet for beam steering.

3.5. Design of practical lens systems

The complexity of a lens system strongly depends on the number of parameters
one wants to control independently. Usually one wants the system to fulfil a
combination of some of the following requirements:

(a) fixed object and image positions;

(b) variable particle energy at the exit side of the lens for fixed energy at the
entrance side;

(c) fixed linear or angular magnification (note eq. (1));

(d) control of beam angle; one usually requires the beam angle at the exit side
to be zero.

In the following we will limit ourselves to examples of cylinder lenses.
However, these examples hold equally well for the other types of lenses treated in
sect. 3.3.1. Requirement (a) can be fulfilled by one single lens, i.e., two cylinder
elements. Any additional degree of freedom requires an additional element (i.e.,
an additional lens gap). For instance for the simultaneous fulfillment of (a) and (b)
one needs at least three cylinder elements. An example of the focussing con-
ditions for such a “zoom lens” are given in fig. 15. The linear magnification cannot
be controlled. Besides that, the total range of voltage ratios Vi/V, in which
imaging is possible depends on the object and image distances P/D and Q/D,
respectively. As can be seen in fig. 16 the beam angle 65 at the image side of a
three-element zoom lens is not zero (dashed rays; V,= V5). The insertion of an
extra element V,, i.e., the introduction of a two-gap einzel lens at position B can
provide a zero beam angle at the exit side of the lens. Lens B has to be excited
such that the second focal point PF,4 of lens A is imaged on the first focal point PF,¢
of lens C (Kuyatt 1967). If this system has to cover a large range of voltage ratios
V3/ Vi, the position of the intermediate image does not coincide with field lens B
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Fig. 15 F(.)cussing conditions of a three-element cylinder “zoom lens” (a) and the corresponding linear
magnification (b). The length of the central element is equal to its diameter D; the three cflindel‘si
have the same diameter. The width of the gaps is 0.1 D. The object and image :‘listances are choséh:
Z/D »hQ/l? = 3 (see f.ig. 3(a)). The curves. are deduced from tables given by Harting and Read (1976).
ote that in this particular example the linear magnification M, deviates from unity less than 10% in
the voltage ratio range 0.1 < V3/V, <10 (between the points A and B).

for a'll valu'es of Vi/Vy; this causes a shift in position of the final image. In
principle this can be corrected by applying different potentials on the two V.
elements.
'An elegant ﬁve-element system in which the conditions (a)-(d) are satisfied
simultaneously is described by Heddle (1971a); see fig. 17. The five cylinders can
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Fig. 16. A source object with beam angle 6 = 0 imaged by means of a three-element lens (V= Va3

two lens gaps at A and C) generally yields an image with beam angle 63 # 0; see dashed line

trajectories. The addition of an einzel lens B (V4 # V,) which images the focal point PF;4 of lens A on

the focal point PFc of lens C leads to an image with 6g = 0 (solid line trajectories). Lens B is called a
field lens. For the sake of simplicity the lenses are approximated by thin lenses.
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Fig. 17. An image with beam angle 65 =0 can be obtained when an object with 6 = 0 is imaged by
of two lenses A and B in which the second focal point PFsa of lens A

means of a combination
' coincides with the first focal point PFig of lens B.
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(Ve V)= V1V,

Fig. 18. The focussing conditions for “Heddle-type” lens combinations (fig. 17). F>+ Fy is the distan

bet.ween tl:)e two symmetry planes of the two three-element lenses A and B, expressed in units of tlfe .

cylinder diameter D. The length of the central elements of A and B is equz;l to D. Any object at th: '
entrance side is imaged at a distance 2(F>+ F) to the right. For further deta.lils, see ttjaxt

be considered to form two three-element lenses A and B. If the second focal point
PF, 4 qf lgns A coincides with the first focal point PF;g of lens B, the beam angﬂe at
the exit side of the lens system is zero for zero beam angle at the entrance (fig 2)
Heddle showed that if the two lenses are identical, i.e. Vs/Vi= V,/V, .an(i
V4./ V?= V%/ V) and if for every ratio Vi/V; V, is tuned Sl,lCh as to m:lke1 PFE

coincide with PF g, a zoom lens is obtained with zero exit beam angle ahd a Iine:;
and z.mgul‘ar magnification equal to: M = M, = (Vy/ V), Consequently, the
magr}n.‘icatlon is only very weakly dependent on Vi/V,. In fig. 18 the f0c1;ssin

condmons.are shown for various distances between the symmetry planes of A ang
B.. By adding an additional einzel lens at the entrance side (two more elements)
this system can also handle incoming beams with beam angles unequal to zero.

Other illustrative examples of lens s i
ystems have been b
(1974) and Chutjian (1979). ghven by Kurepa et a.

4. Energy anc{ mass analysis of charged particles
4.1. Introduction

2nevof t.he very commonly studied pieces of information is the energy spectrum of - ‘
the particles formed by synchrotron radiation as a function of photon energy.

Th(;:re is qf course redundance in the set of parameters energy, mass (momentum)
and velocity; whenever two out of these three parameters are known, the third

hStattc ﬁeld. analysers: In this category there are two classes. In the first class
charged particles are‘deﬂected in electric and/or magnetic fields; the deflection is
more or less, depending on the particle momentum or kinetic energy. This results
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in a spatially resolved spectrum, if focussing occurs. In the second class a potential
barrier is set up to reflect all particles with energies below a certain preset value,
i.e., these retarding potential analysers act as a high pass filter. The integrated
energy distribution can be determined by varying the retarding potential.

Dynamic field analysers: The quadrupole RF analyser is treated as an example
of an analyser in which (dynamic) electromagnetic fields are applied.

Analysers without fields: Time of flight analysis; the velocity of a particle is
determined by measuring the time it takes the particle to cross a well-known
distance. In this case the spectrum is time resolved.

The three above-mentioned categories contain several tens of different
analysers. Due to lack of space it is impossible to treat all of them extensively.
Therefore we will limit ourselves to those types which have proved to have the
best overall characteristics. This means that most attention will be paid to the
electrostatic deflection type analysers. The most popular analysers of this group
will be described shortly and comparative tables will be given (sect. 4.2). This
enables the reader to make a “first-order” choice for his particular application.
For the final optimization of a chosen type of analyser the reader will be referred
to papers treating this particular analyser in depth. Reviews on this matter have
been given by Kuyatt (1968), Rudd (1972), Stechelmacher (1973), Wannberg et al.
(1974), Afanas’ev and Yavor (1974). An excellent recent review is the one by Roy
and Carette (1977).

In the past various types of magnetic deflection type analysers have been used,
especially in the field of beta ray spectroscopy. However, the last decade the role
of these types of instruments for energy analysis has become relatively unim-
portant. The main reason for this is the difficulties which are encountered in the
shielding of the magnetic stray fields. Because magnetic fields are still widely used
in mass spectrometry a few basic features of sector fields are treated in sect. 4.2.4.

Analysers based on retarding fields which are widely used in applications such
as UV and X-ray photoelectron spectroscopy and low energy electron diffraction
(LEED) are dealt with in sect. 4.3. Quadrupole analysers are treated in sect. 4.4
and time-of-flight analysers in sect. 4.5. Finally attention is paid to multichannel
detection techniques, which can reduce data acquisition times considerably (sect.
4.6), the problems caused by magnetic stray fields and their elimination (sect. 4.7),
to the choice of materials (sect. 4.8) and last but not least to the energy and
transmission calibration of complete systems (sect. 4.9).

4.2. Deflection type analysers

4.2.1. Basic features and terminology

In electrostatic and magnetic deflection type analysers the trajectory of a charged
particle depends on its energy and momentum, respectively. This results in spatial
separation of particles with different energies (momenta). This is shown schema-
tically in fig. 19. It shows two cross sections of an arbitrary energy analyser; fig.
19(a) gives the dispersive plane and fig. 19(b) the non-dispersive plane. Two
particles with energy difference AE = E,— E; entering the analyser along coinci-
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Z PLANE

Fig. 19. General deflection type analyser. The relevant parameters in the dispersive plane (a) and the

non-dispersive plane (b) are shown; these planes are perpendicular to each other. Aa and AB are

semi-opening angles, w and h are the slit width and height, respectively. Particles with an energy E,;

different from the pass energy F, are focussed a distance Ax; away from the centre of the exit slit. In

this figure it is assumed that there is only focussing in the dispersive plane. Note that in a calculation of
the base width resolution the beam angle 6 has to be included (Aa = O+ 3ay; see fig. 1).

ding trajectories are found to be separated by a distance Ax at the exit of the 4

analyser. Although it is not strictly necessary for the separation of particles with
different energies, the analysers to be discussed in this section all have focussing

properties in at least the dispersive plane. This greatly enhances the acceptance of

the analyser. As in the case of lenses (sect. 2) this focussing action can be
characterized by two principal and two focal planes. For those analysers which are
compatible with lens systems the location of these planes will be given.

The energy resolution of an arbitrary analyser will depend on many, mainly ]

geometrical, factors; see fig. 19. It depends on the opening angles Aa and AB in
the dispersive and non-dispersive planes, respectively, on the entrance and exit slit
widths w, and w, and heights 4 and on a characteristic “dispersive length” L, ie.,
a length related to the trajectory in the dispersive field. The influence of these
parameters is determined in the following way. We assume the central trajectory

to be characterized by entrance coordinates z1= x; = 0, entrance angles 8 = 0 and
a and exit coordinate x,=0 (fig. 19). A particle entering the analyser under
slightly different conditions (@ xAa, +AB; x; #0; 2, #0, E, = Ey+ AE) will pass |
the exit plane at x, # 0. A Taylor expansion up to second (partly third) order now

gives:

_ 9% 9%, 1%, 1 3%, 1%, ou
Ax, = ax, Ax, + °E AE+2! o (Aa)2+3! o (Aa)3+2!—aB2 AB)
1 52X2

il 1 aZXQ
2! 922 21

2! ox1da

l 32X2
2! 9z,98

Az + Aa)(Ax)+ Ap)XAz)+---. (249
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The last two aberration terms and those not given are either zero or small (except

* for the cylindrical mirror analyser (see sect. 4.2.3) when using wide slits). We will

not consider them any further (see also Wannberg et al. (1974)). The first term in
the expansion gives the linear magnification Mt of the analyser: M{ = 9x,/dx,.
The second term is related to the so-called dispersion D of the system which is

defined as:
D = E(3L/0E) « E(dx,/3E), (25)

i.e., the change in image position of a particle trajectory for an inﬁnitejsimal
change in particle energy. The term linear in (A«) is zero due to the assumption of
first-order focussing, at the specific entrance angle «, i:e.: 9xy/da = 0. Some
analysers are designed to have second-order focussin‘g; in tl;a}t case axz{aa =
8%x,/3a? = 0. For that reason also the aberration term with (Aa)® is included in eq.
(24). The term linear in AB is always zero, as can be seen as 'follows:' a small
opening angle in the non-dispersive plane reduces the velocity in the dispersive
plane with a factor cos 8 ~(1—3B8?. This means that for srpall angzles B the
velocity and hence the energy in the dispersive plane is a function of B2 Because
in this first order x; is linearly dependent on the energy it follows that dx,/8 =0
for B =0. .

It is obvious that eq. (24) contains the information needed to obtain the energy
resolution. Let us define the absolute base energy resolution, AEjp, as the range of
energies over which a mono-energetic beam produces an output in an analysex: set
at fixed deflection voltage. Then it becomes clear that the relative base width
resolution may be written as:

AEB/E = (W2 + AXZ)/D 5

where w, is the exit slit width. Taking Ax, from eq. (24), with (dx,/6E) AE = 0 for
a mono-energetic beam, we arrive at:

AEy _
E

C, (%) + Cohay+ Cli{bay + Co(ABY+ G, (%)2 . ©6)

The first term on the right-hand side of (26), the linear resolution term,

describes the apparent energy spread due to the finite slit widths of the analyser.
For this term one can write:

C.(W/L) = (w,+ w,)/D = 2w/D,

in which 2wi is the sum of the entrance and exit slit widths and D the dispersion of
the system. The second term gives the apparen’g energy spread of a mono-
energetic beam with an angular divergence Aa (semi-angle, see ﬁg.. 19): C.(Aa) =
AL/D. In this relation AL (o Axy) is the shift in image position given by eq. (24)
when only the (Aa)? term is considered. Similarly C (Aa)® = 2AL'/D. The factor
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two difference between the second- and the third-order term is due to the fact that
an angular variation from +Aa to —Aa gives rise to variations AL and 2AL’ (i.e.,
from +AL’ to —AL') respectively. All the other terms are defined in a similar way.

The various coefficients C are given in table 1 for several types of analysers. In
literature often the energy resolution is defined to be AE,,,/E, where AE;, is the
full width at half maximum (FWHM) of the distribution. In case of triangular
energy distributions we can write AE;,, = 3A Eg. Usually this will not be the case. If
one is interested in the halfwidth one has to know the exact shape of the
distribution. This can be expressed in a so-called spectrometer function. The most
accurate way to determine this function is to calculate the trajectories of a large
number of charged particles each with a different set of initial conditions of
opening angle, position and energy. In this way all the aberrations due to finite
opening angles and slit dimensions automatically show up in the integrated result
(Roy and Carette 1971a,b). Also aberrations due to fringing fields at the entrance
and exit side of the analyser can be included. For most of the analysers discussed
in the following sections this spectrometer function is known; in some cases the
above-mentioned trajectory calculations have been performed; in other cases more

Table 1
Survey of constants specific for various types of deflection analysers (eq. (26)).*

Analyser Cy C, C, (@3 Gy
Parallel plate a = 45° 2 2 - 1 0
analyser @ =30° 3 0 16/V3 1 0
Cylindrical mirror a=545 n=0 k=1 1.29 1.65 - - -
analyser a=565, n=0, k=1.25 1.13 1.63 - - -
a=388, n=1 k=094 241 0 5.87 - -
a=423° n=2, k=131 220 0 5.54 - -
a = 60°, n=2, k=206 092 145 - - -
Spherical deflection & =180° 1 1 - 0 1/8
analyser D =90° 1 2 - 1/2  1/16
Cylindrical deflection
analyser &=127° 2 4/3 - 1 0
Magnetic deflection
analyser & = 180° 2 1 - 1 0
Wien filter analyser L = 7op/w 27 3 - 1 0
L = 7op/2w 2w 16 - 1 0

*In all cases the linear magnification M, is assumed to be unity. This means that in those cases
where the object and image distances are not fixed by constraints of the analyser, they are chosen
egual (P"= Q’). Non-relevant coefficients have been left out (dashes). Note that the dispersion D is
given by D = 2L/C, (see eq. (26)). For further information see sects. 4.2.3.-4.2.5 and figs. 20~28.
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or less accurate analytical approximations have been derived. References dealing

with specific spectrometer functions are given in the separate sections.

Apart from the base width or halfwidth resolution there are usually other,
sometimes equally important parameters on which one can base the choice of a
particular analyser. For instance, if the process under study yields high count
rates, one might want to concentrate on high resolution, if necessary at the
expense of transmission. In case of low signal levels the optimum analyser will be
one with a good transmission. Apart from resolution and transmission several
more characteristic quantities have been introduced in literature. A more or less
complete list is the following:

Relative resolution AE/E: the ratio between the width AE (either halfwidth or
base width) of the energy distribution and the energy E of the particles emerging
from the analyser.

Absolute resolution AE: the width of the energy distribution.

Resolving power E/AE: the inverse of the relative resolution.

Transmission T the ratio of the emergent flux of particles at the pass energy to
the flux entering the analyser; generally T =1 for deflection type analysers (no
grids present).

System collection efficiency C(E): collection efficiency of the entire system
including source area and solid angle, lens and analyser transmission, energy band
pass and detector efficiency (sect. 4.9).

FEtendue A: product of entrance solid angle and entrance area (Heddle 1971b).

Luminosity A: product of entrance solid angle, entrance area and transmission;
ie, A =AT.

4.2.2. Optimization and pre-retardation

In principle it is always possible to obtain a required energy resolution AE by
simply enlarging the dimensions of the analyser at a fixed slit width. Provided the
aberration terms C,(Aa), Cs(AB), ... in eq. (26) are sufficiently small, an
increase of L directly leads to an improved resolution AE/E. However, usually it
is necessary to minimize the dimensions of the various experimental components
in order to keep the overall size (and weight) of the experiment within reasonable
limits. Pre-retardation, or, if necessary, pre-acceleration of the charged particles
before they enter the analyser is a possible way to optimize the resolving power
and/or luminosity (étendue) for a fixed analyser size, or, alternatively to obtain
the minimum size of a certain type of analyser capable of delivering the required
performance. If for a given type and size energy analyser the energy of the
transmitted particles is denoted by E,, then the energy resolution (AE), is given
by (see eq. (26)):

(AE) = Eo[C,,(W/L)+ C,(Aa )+ Ca(ABY + Cu(h/LY . @7

For analysers with second-order focussing the term C, (Aa)* has to be replaced by
Ci(Aa).
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The optimization of étendue (luminosity) versus resolution can in principle be
regarded as a two-step procedure:

In the first step the relative magnitude of the various terms on the right hand
side of eq. (27) is optimized. As an example we will consider a “zero-order draft”
in which the last three terms on the right-hand side are much smaller than the
term C,(w/L). Keeping the pass energy of the analyser constant, we now change
the optical system transporting the particles from the target to the analyser such
that the linear magnification M; becomes smaller and consequently the angular
magnification M, larger. This in accordance with Liouville’s theorem (egs. (1) and
(5)), which states that M{M, =1 in case no acceleration or deceleration takes
place. A decrease of M; with a factor ky means that the slit-width w can be
reduced with the same factor without any loss of particles, i.e., the term C,(w/L)
in eq. (26) can be made smaller by a factor ky. This leads to an increase in
resolving power. Alternatively one can choose to keep the slit-width constant;
then a larger fraction of the particles emitted by the source will be accepted by thf;
gnalyser. However, due to the decrease of M, the angular aberration terms
increase with a factor k%;. ky, should now be chosen such that the sum of the four
terms reaches a minimum value. Rudd (1972) showed that in case of first-order
focussing the optimum situation is obtained when:

Co(Aa) ~ G(ABY =3C,(w/L). (28)
The halfwidth resolution can then be approximated by:
AEp/E = 3G, (W/L) +1C.(Aa P + 1Co(ABY. 29)

In egs. (28) and (29) the fourth term of eq. (27) is assumed to be small.

In th@ second step the pass energy of the analyser is reduced; however, the lens
system is adapted such that the mutual ratios of the four aberration terms remain
constant. The first step in the optimization thus remains valid. This step can also
lead to an increase of the étendue of the total system, i.e., the system accepts a
lar'ger fraction of the particles emitted by the source. The gain which is possible in
th.IS respect depends on several assumptions (see for instance, Heddle 1971b). We
will {ake the following example: we assume the fourth term Gy (h/LY does not
contribute to the resolution. This is for instance the case when G, is small or zero
(analysers with one-dimensional focussing). Then the slit height # can in principle
be mac.ie very large. However, the maximum effective height will usually be
de.termlned by the height of the detector. Besides that, accepting too large a beam
height may lead to unacceptable aberrations in the entrance optics (see sect. 3.4).
Althougl} this is not strictly necessary, for the sake of simplicity, we choose axially
Symmetric entrance optics, i.e., the opening angles Aa and AB are influenced at
the same rate. Now, we assume that the entrance lens system retards the particles
with a factor kg in energy. Of course also the pass energy Eg of the analyser is
reduced with the same factor: Ep = Ey/kg. If we now require the resolution (AE),
to remain constant, eq. (27) shows that a reduction of the pass energy with a

e T A
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factor kr allows us to increase the slit width with a factor kg and each of the
angles Aa and AB with a factor k}{%>. This means that the analyser étendue (for
constant h) is increased with a factor k%. However, according to Liouville’s
theorem (egs. (1) and (5)) the reduction in energy leads to an increase of
the product M; M, by a factor k}{* and hence the particle intensity per unit area
and unit source solid angle as seen by the analyser is reduced by a factor kg.
Consequently the total gain in étendue of the system consisting of analyser and
entrance optics is increased by a factor kg. Of course this gain can only be
realized for sufficiently extended sources and for not too low pass energies; pass
energies of a few hundred meV to 1 eV are the lowest practically attainable; see
sect. 4.8.

Another advantage of pre-retardation is that the larger ratio of slit width to
characteristic analyser length L usually relaxes the requirements on the mechani-
cal accuracy.

Heddle (1971b) compared the gain in étendue versus resolution which can be
realized theoretically in this way for two types of cylindrical mirror analysers and
for spherical deflection analysers with slits of different size and shape; see table 2.
Table 2 also gives a ranking of the various analyser types based on other criteria:
luminosity versus resolution, transmission versus resolution and on the ‘“‘general

Table 2
A ranking of Electrostatic Deflection Analysers according to various criteria (1 is best).
Luminosity Etendue Transmission
vs. vs. Distribution vs. base
Analyser resolution®  resolution®  characteristics®  resolution®
Parallel plate a = 45° 5
analyser a =30° 2
Parallel plate a =45° 6
fountain analyser  a = 30° 1 (MTW), 4
Cylindrical mirror a =54.5° 1
analyser a=42.3° 1(MTW),2 2 1 2(MTW), 5
Spherical deflection )
analyser & = 180° 3 3 3 3
Cylindrical deflection
analyser & =127° 4

MTW stands for Minimum Trace Width.
@Sar-El (1970); Sar-El also included a comparison with the so-called Spherical Mirror Analyser.

However, due to the difficult mechanical construction, this type of analyser was not built so far.

Therefore it is not treated in this paper.
®Heddle (1971b).

©Roy and Carette (1971a,b).

@Schmitz and Mehlhorn (1972).
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distribution characteristics™ of the various analysers. A similar table is given by
Roy and Carette (1977).

One more remark with respect to pre-retardation has to be made: If the
particles leaving the target cover a wide energy range then the emittance (see sect.
1) of the source very likely changes with energy. This will for instance be the case
if the opening angles with which the particles leave the target and the target area
remain (more or less) constant with changing particle energy. This means that for
every particle energy a new optimum analyser setting can be found. This of course
is very unpractical. Usually one setting is chosen in which the analyser is more or
less optimized for the whole energy range to be covered.

In this respect two modes of operation of the total system can be chosen (Néller
et al. 1974). The first mode is the constant relative resolution mode; AE/E; is
constant. The lens system between target and analyser retards (or accelerates) the
charged particles with the same factor. The advantage of this way of operation is
that the transmission of the lens system and the analyser is constant and
consequently it is very suitable for quantitative measurements (see, however, sect.
4.9). Note that the resolution AE changes with the pass energy E.

The second mode of operation is one in which the lens system decelerates or
accelerates the particles from their target energy to a fixed energy; the pass
energy of the analyser being kept at the same value. In this case the resolution AE
remains constant. However, if one wants to do quantitative measurements a well-
designed lens system is required to ensure that the transmission is independent of
the target particle energy. Examples of such lens systems are given by Noller et al.
(1974) and Kurepa et al. (1974); see also sect. 4.9.

4.2.3. Electrostatic analysers
For a quick survey of the most essential properties of these analysers the reader is
referred to tables 1 and 2.

Parallel plate analyser
In a parallel plate analyser the deflecting field is a homogeneous electric field
resulting from a set of two parallel plates kept at different potentials; sce fig. 20.

Fig. 20. Parallel plate analyser.
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The potential on the top plate (V5) is such that the particles are bent back to the
bottom plate. Very generally, the analyser consists of three regions: one region in
which the above mentioned (vertical) field is present (across a distance d in fig. 20)
and two field-free regions below the bottom plate (Vy) in which the entrance and
exit slits are located. The heights of these field-free regions are h; and h,,
respectively. The particle enters the analyser through the entrance slit with width
w at an angle a with respect to the plates. The horizontal distance a particle
travels is directly related to its kinetic energy, and therefore only particles with a
specific energy will be able to leave the analyser through the exit slit. Generally
we can write:

L= (hy+ hy) cot a + 2(E/e) sin 2a | (30)

in which L is the distance between the two slits, E the energy of the particle and &
the electric field strength between the plates: & =(V,— V))/d. The maximum
height y,, is given by:

Ym = (E/e)sin*(a + Aa) . (31)

For specific combinations of (h, + hy) and « there is first-order focussing (L/da =
0): .

(hi+ hy) = 4(E/¢) cos 2a sin « . 32)

This focussing is one-dimensional; it takes place only in the plane perpendicular
to the plates.

The historically oldest version of this type of analyser is the one in which
@ =45% and (h;+ h,) = 0; i.e., both slits are located in the bottom plate (Pierce
1949, Harrower 1955). In that case, L = 2(E/g).

Green and Proca (1970) showed that for o« — 30° second order focussing is
obtained (3L/3a = 8°L/da® = 0) which allows the acceptance of larger opening
angles Aa. The horizontal distance between the slits now becomes:

L=3V3(E/e) and (hy+ ho) = 3(EJe) .

Whenever the angular aberrations are zero up to third order, the waist or
minimum width of the trace is not at the image plane but at a plane above it
(Conrady 1957). Proca and Green (1970) showed that an exit slit placed at the
position of this waist (i.e., h, becomes smaller) yields a better result. Information
on the spectrometer functions is given by Aksela (1973), Roy and Carette
(1971a,b) and Rayborn and Hsiao (1974).

Although the parallel plate analyser does not score high in comparison with
other types of analysers (table 2), it is often used because of its relatively simple
mechanical construction. Another advantage is that it is possible to apply pre-
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¢

Fig. 21. Fountain analyser, a parallel plate analyser with 24 symmetry.

retardation such that the various contributions to the final energy resolution are
optimized (sect. 4.2.2).

A special type of parallel plate analyser is the so-called “fountain spec-
trometer”, characterized by circular entrance and exit slits instead of rectangular
ones. In cases where point-like particle sources are present, this geometry is
particularly useful in view of the much larger accepted solid angle (fig. 21). It was
introduced by Edelmann and Ulmer (1965); a further description can be found in
Schmitz and Mehlhorn (1972). A disadvantage of the fountain spectrometer is that
it requires a very large circular area to be covered by detectors; besides that
optimization via pre-retardation is not practical. -

Information on fringing field effects at the entrance and exit slits of these types
of analysers can be found in articles by Proca and Riidinger (1973) and Bosi
(1972). Recent examples of parallel plate analysers have been described by Smith
et al. (1977), Van Veen et al. (1979) and Steckelmacher and Lucas 1979).

Cylindrical mirror analyser
The cylindrical mirror analyser (CMA) is probably the most widely used analyser
in surface physics. The deflecting field is formed by two concentric cylinders with
radii R; and R,, kept at potentials V, and V), respectively; see fig. 22. The general
electron optical properties of the analyser are the following; charged particles
created at a source S enter the analyser through a circular entrance slit with radius
(Ry— hy) and width w. After passage through a field-free region with radial length
hi, the particles enter the analysing field between the two cylinders at an angle a
with respect to the cylinder axis. After deflection by the electric field and passage
through a second field-free region with radial length h, the particles are focussed
onto a circular exit slit with radius (Ri— hy). Behind this slit a detector D is
located. Due to the full 27 azimuthal symmetry a large solid angle is accepted;
consequently compared with other types of analysers the étendue of this analyser
is large. .

The distance L between the two slits is a function of the angle a, the length of
the field-free regions (h; + hz) and the electric field strength between the cylinders
(Zashkvara et al. 1966).
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V2

7

Fig. 22. Cylindrical mirror analyser (CMA). The deflecting field is generated by means of two
concentric cylinders with radii R; and R,.

L/R; = n cot a + 2(kw)'"” cos a exp(k sin’ &) erf(k? sin «), 33
in which
n=(h+ hy)/R,;, (34)
and
E (35)
=————-In(Ry/R)).
g q(V2— V) n(R/Ry)

In this expression E is the initial kinetic energy of the particle. k is related to the
electric field strength £ in the region between the two cylinders:

__ W=V h is the radial coordinate (36)
= (RJRy: “hereri

R;<r=R, (see fig. 22) and erf(k'?sin a) is the error function (Abramowitz and
Stegun 1970):

erf(x) = % f e dt.
0
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For “complete” cylinders, i.e., with full 27 azimuthal symmetry n can have any

value between 0 and 2; for cylinders covering an azimuth less than 27, say half
cylinders, n can have any value up to infinity (Risley 1972). We will not consider
the latter case any further.

The dispersion D (eq. (25)) is independent of n:

D/R, =k sin 2a + k*?7'2 cos a exp(k sin® )’
xerf(k'?sin a)(k™'+ 2 sin &) . (37)

The maximum penetration of the particles into the deflecting field is given by (fig.
22):

R./R; = explk sin’(a + Aa)] . (38)

The first cylindrical mirror analyser to be built had n = 0; i.e., both slits were
located in the inner cylinder (n=0, k=1, a =54.5°, [/R, = 2 85, D/L=1.55
(Blauth 1957, Mehlhorn 1960). For n = 2 both slits are contracted to small circular
apertures on axis.

The parallel plate analyser treated in the previous section is a limiting case of
the cylindrical mirror analyser (R;, R,— ). The main differences between the two
types of analysers are the following. The CMA has two-dimensional focussing, i.e.,
a point source is focussed to a point image. The parallel plate only has one-
dimensional focussing. Besides that the CMA has three independently variable
parameters (n, @, k), whereas the parallel plate analyser has only two (h, + h,, @).
This facilitates the optimization of the device.

Because one degree of freedom is always lost by demanding first order
focussing (3L/da = 0), two remain for the fulfillment of other requirements:

For a fixed geometry (n) one can require second-order focussing (6°L/da’ = 0).
Examples are:

Axis to axis geometry: (n = 2), this leads to probably the most well-known type
of CMA: n=2,;a =423 and k = 1.31 (Zashkvara et al. 1966, Roy and Carette
1971a,b, Sar-El 1967, Eagen and Sickafus 1977). In this case L/R;=6.13 and
D/L =0.91. For the base energy resolution of this type and the other analysers
mentioned in this section we refer to eq. (26) and table 1.

Ring to axis geometry: n=1, a =38.8° and k =0.94 (Zashkvara et al. 1971).
This leads to I/R,=3.60 and D/L = 0.83. This geometry has the experimental
advantage of free access to the interior of the inner cylinder (Harris 1974).

Ring 1o ring geometry: n =0, a =31° and k =0.2. Aksela et al. (1970) showed
that in this case also the third order aberration coefficient 83L/da> reaches a
minimum value close to zero. However, the dispersion becomes too small for this
analyser to be of any practical use.

In case the source has non-negligible radial dimensions the velocity vector
component out of the axial plane becomes important. Aksela (1972) showed that
the decrease of the resolving power due to this effect can be minimized by a
proper choice of the parameters: A first-order focussing example of this is the
case: n=0, k=125 a =56.5° L/R, =392 and D/L=1.77.
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Risley (1972) gives graphical and tabular information on a large number of
(other) combinations of the parameters n, o and k yielding first- and second-order
focussing, respectively.

As in all other analysers with second-order focussing there is a position at a
radius larger than that of the exit slit where the trace width has a minimum.
Depending on Ae, the size of this waist can be a factor 2 to 4 smaller than the
image size. Its position and width are given by Sar-El (1970). At the waist the base
width of the energy distribution is smaller than at the image. However, the
halfwidth of the distribution usually is larger. This is due to the peculiar shape of
the distribution function at the waist (Aksela 1971, 1972). For larger opening
angles Aa and larger source dimensions the energy distributions at the waist and
at the image become similar and the advantage of a slit located at the waist
position disappears.

A very practical contribution in this field is given by Draper and Lee (1977).
They give spectrometer functions and comparative tables for a large number of
different analysers based on numerical trajectory calculations. For seven values of
the angle o (30°<a <65° and three analyser geometries (n =1, 1.5, 2) the
luminosity is given for source, slits and detector dimensions optimized such that
the same relative resolution of 8 x 107* is obtained in all cases. The general
conclusion which can be drawn is that a large angle is favourable for a good result.
However for a > 60° the ratios R,/R; and L/R; become unpractically large A
practical limit possibly is a = 60°; then R,/R,=5 and L/R = 10, more or less
independent of n. Therefore, for comparison the case n =2, k = 2.06 and a = 60°
is also given in table 1 (L/R; = 11.3 and D/L = 2.16). Draper and Lee show that
although for angles a > 42.3° only first-order focussing can be realized the result
can still be comparable or even superior to that of second-order focussing devices,
especially for opening angles Aa <2° (Risley 1972). This is due to the larger
dispersion which is attained for large a. A detailed description of an a = 60° CMA
is given by Citrin et al. (1972); it includes details on the mechanical construction.

As for fringing fields, usually grids are placed in the slits in the inner cylinder
(fig. 22) to minimize their influence. This has certain disadvantages due to the loss
in transmission and the possible creation of secondary electrons (sect. 4.3). Vasina
and Frank (1979) considered the lens action at the slit of a gridless CMA
(compare with the Calbick lens, sect. 3.3.1). For further information dealing with
fringing fields, see Renfro and Fischbeck (1975) and Bosi (1972). Sometimes
pre-retardation is applied by means of cylindrical grids placed between the source
and the inner cylinder slit. However, no accurate focussing is possible in this way
and it leads to additional transmission losses.

In some experiments two CMAs are applied in series. This leads to a much better
source definition. If for instance n =2 CMAs are used (Palmberg 1974) then
particles emerging from off-axis source points can still pass the exit slit of the first
CMA for specific deviations Aa and/or AE. However, such particles are rejected
by the second CMA. This double CMA set up may be advantageous for those
experiments where the particles are produced by extended X-ray sources or
electron beams. Besides that the number of reflected particles and secondary
electrons reaching the exit slit is strongly reduced (sect. 4.8).
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Spherical deflection analyser

In the spherical deflection analyser, first investigated by Purcell (1938), the
deflecting field is formed by two concentric spherical surfaces with radii R, and R,
kept at potentials V; and V,, respectively (fig. 23). The central trajectory (dashed
line in fig. 23) is a circle; its radius of curvature R, is taken as the characteristic
dispersive length (L). The radial electric field &, between the spherical surfaces is
given by:

e,=(Vo— V))R,Ro/r(R,— R). (39)

The pass energy of the analyser, i.e., the energy of the particles travelling along :

the central trajectory, is:
EO: q(V2~ Vl)/(Rz/R1—R1/R2). (40)

The spherical analyser has two-dimensional focussing, i.e., a point source O
placed at a certain distance P’ from the entrance plane of the analyser is focussed
in a point image I located at a distance Q' from the exit plane (fig. 23). The focal
properties can be characterized by two focal and two principal planes; see fig. 24.
The position of these planes is given by the relations:

f= Ry/sin @, F=Rycotd. 41)
The position of object and image are related via:

(P~ F)XQ' ~F)=f. “2)
It can be shown that the centre of curvature C, the object O and the image I

are lying on a straight line. Further use of the quantities mentioned in eqgs. (41)
and (42) is given in sect. 3.2.1 (egs. (4)~(7)).

Fig. 23. General diagram for spherical and cylindrical deflection analysers with arbitrary sector angle
@. In a spherical analyser the deflection field is due to two concentric spheres (radii R; and R;); in the
cylindrical analyser to two concentric cylinders (radii also R; and Ry).
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Fig. 24. The location of focal and principal planes (points) of spherical and cylindrical deflection

analysers with arbitrary sector angle @. Ry® is the length of the particle trajectory in the analysing

field. The object and image distances P’ and Q' and the lengths F are defined with respect to the
entrance and exit planes of the deflecting fields, see figs. 23. and 3(a).

The most well-known example of this class of analysers is the 180° spherical
deflection analyser (@ = 180°). In that case the object and image points are
located in the entrance and exit planes of the analyser; see fig. 25. The maximum
excursion of the particles is given by:

R,.= Ro(1+Aa). (43)

The base energy resolution of this device can be deduced from eq. (26) and table
1. For optimization of the halfwidth resolution with respect to the angular
aberration and slit terms (eq. (29)) one can use eq. (28). This relation was
confirmed to be accurate within 20% by Polaschegg (1976) and Poulin and Roy
(1978). In the latter paper a comparison is given between various quality factors
introduced by a number of authors. For further information on the spectrometer
function see Roy and Carette (1971a,b) and Chase (1973).

Fig. 25. The hemispherical (180°) deflection analyser.
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This type of analyser is widely used for the production and analysis of well- ., ,'

defined particle beams. Therefore pre-retardation is a good technique to optimize
the performance (Noller et al. 1974, Heddle 1971b, Polaschegg 1974). It should be
realized that the entrance optics have to be designed such that the beam angle
(see sect. 2) is zero at the entrance slit of the analyser. If this is not the case the
effective opening angle A (=60p+ 3, in fig. 1) is larger than strictly necessary
(=3a;). This will increase the spherical aberration of the device and consequently
reduce the resolving power.

In a 180° analyser an entrance beam angle equal to zero leads to an exit beam
angle also zero. From eqs. (41) and (42) it can be deduced that for @+ 180° this is
not the case.

For the minimization of fringing field effects the well-known Herzog correction
is often applied (Herzog 1935, 1940). Elaborate practical applications of this
correction are given by Wollnik and Ewald (1965). For further information on
fringing field effects see Skollermo and Wannberg (1975) and Jost (1979).

Imhof et al. (1976) studied the time resolution of this type of analyser. It
appears that good energy resolution and good time resolution, which is important
in coincidence experiments (sect. 7), are conflicting requirements.

Good examples of spherical deflection analysers in which some or most of the
above mentioned features are applied are the following:

Simpson (1964), Kuyatt and Simpson (1967) and Chutjian (1974, 1979) used 180°
analysers with Ry=2.54 cm. Brunt et al. (1977) with Ry=5cm and Thomas and
Weinberg (1979) with R, = 7.6 cm. Kuyatt and Plummer (1972) describe a 135°,
Ry =2.54cm device. One of the largest analysers probably is the one used for
ESCA studies in Uppsala (Gelius et al. 1974): Ry =36cm, @ = 157° and AE/E =
5% 107*. Finally it should be mentioned that also examples exist with 27 azimu-
thal symmetry (27 rotation about the line OCI in fig. 23); see Poole et al. (1972),
Kemeny et al. (1972) and Moore et al. (1978). The solid angle which can be
accepted now becomes comparable to that of the cylindrical mirror analyser.

Cvylindrical deflection analyser

The deflecting fi€ld in a cylindrical deflection analyser is created by means of two
cylindrical surfaces with radii R; and R, at potentials V, and V,, respectively (fig.
26). The radius of curvature R, of the central ray (dotted line in fig. 26) is chosen
as the characteristic dispersive length L. The radial electric field is given by:

& =(Vo— V))/rin (RyR)), (44)

and the pass energy of the analyser,
Ey=q(V,— V)2In(R:/R)) . (45)
The cylindrical deflection analyser has one-dimensional focussing in the plane

of the drawing (fig. 26). A point source O located at a distance P’ from the
entrance plane is focussed in a line image I at a distance Q' from the exit plane
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Fig. 26. The 127° cylindrical deflection analyser.

(see fig. 23; note that in this case O, C and I are not on a straight line). The focal
properties are characterized by eq. (42) in combination with the relations (fig. 24):

f=Ry/V2sinV2®), F=Rycot(NV2d)/V2. (46)

For @ = 7/V/2 = 127° the source and image are located at the entrance and exit
planes of the analyser (fig. 26). This geometry, for obvious reasons often called the
127° analyser is the most well-known example of the cylindrical deflection
analysers. In this type the maximum excursion R, of the particles is given by:

R, = Ry(1+Aa/V?2). 47

The base energy resolution can be deduced from eq. (26) in combination with table
1. Relation (28) can be used for the optimization of the angular aberration term with
respect to the slit term. The validity of this relation has been confirmed by accurate
numerical trajectory calculations (Roy and Carette 1971a, Roy et al. 1974).

The properties of the cylindrical deflection analyser were first investigated by
Hughes and Rojanski (1929). Theoretical papers dealing with the various proper-
ties of this analyser are those of Paolini and Theororidis (1967), Arnow and Jones
(1972), Johnstone (1972) and Delgate and Carette (1971). A description of an
experimental system yielding AE = 20 meV, including entrance optics and fringing
field corrections is given by Roy et al. (1974); see also Froitzheim and Ibach
(1974).

As in the case of the spherical deflection analyser the Herzog fringing field
correction can be applied (Herzog 1935, 1940, Wollnik and Ewald, 1965); see also
Jost (1979).

Although this type of analyser does not score very high in the comparative table
2, it has the advantage of a very simple mechanical construction. This is the

reason why it is widely used.
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Toroidal deﬂection'analyser

The spherical and cylindrical deflection analysers are both special cases of the
general toroidal analyser. In a toroidal analyser the surfaces have different radii of
curvature in the plane of the particle trajectory and in the plane perpendicular to
it. In principle this leads to an additional degree of freedom in the design. The
focussing properties of this device are given by Ewald and Liebl (1955). In-
formation on the aberration coefficients (eq. (26)) can be found in an article by
Wannberg et al. (1976).

4.2.4. Magnetic analysers

The first types of charged particle analysers used in atomic and molecular physics
were almost all magnetic deflection analysers. This is due to the fact that the
magnetic instrument had already reached a high degree of perfection in the older
field of beta-ray spectroscopy.

However, as the energies of the particles to be analysed became lower and
lower, the usefulness of magnetic analysers decreased. Low-energy analysis,
especially of electrons requires very stringent shielding against stray magnetic
fields.

Iron-core instruments are not practical in this respect; the magnetic spec-
trometer in use nowadays usually are iron-free. In most cases they have a 1Vr
field and two-dimensional focussing after a deflection angle 7V/2. However, even
in this configuration high resolution low-energy electron spectroscopy requires
large Helmholtz coils for the reduction of external fields; u-metal shields can
usually not be applied for this purpose.

For these reasons most modern charged particle analysers apply electrostatic
fields. Extensive reviews of the properties of magnetic analysers are those of
Siegbahn (1965), Sevier (1972) and Fadley et al. (1972).

To enable the reader to make a basic comparison between electrostatic and
magnetic deflection analysers we will very shortly treat some properties of the

general magnetic sector field (fig. 27). The focussing properties of such a magnetic

sector are governed by the eqs. (41) and (42). For a perpendicular entrance and

exit of the beam into the sector field the focussing is one-dimensional. As in the ;,
case of the spherical deflection analyser the object O, the image I and the centre 3§

Fig. 27. Magnetic sector field with sector angle &.
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of curvature C are located on a straight line. The base energy resolution is given
by eq. (26) and table 1. It should be mentioned that by choogmg the entrance and
exit angles in a specific way astigmatic focussing can be'obtamed. .
Magnetic fields are still widely used for mass analysis. Because this is a large
(and old) field about which many good books and reviews have been written in
the past, we will not treat this here; see for example, Farmer (1963) and

Dickworth and Ghoshal (1963).

4.2.5. Analysers with crossed electric and magnetic fields o
When electrostatic as well as magnetic fields are applied, the charged particle is
subjected to two forces simultaneously. The total force F then becomes:

F=m(dv/dt)=q(e +vXB), (48)

where m and g are the mass and the charge of the particle and £ and B Fhe
electric and magnetic field strengths, respectively. » is the particle v§10c1ty.
Equation (48) shows that the motion of the particles depends on the'ir velocity. For
specific orientations and magnitudes of &, B and v this effect is optimal for energy
(and mass) analysis. Two examples are the Wien filter analyser and the trochoidal
analyser. In both cases the electric and magnetic fields are mutually per-

pendicular.

Wien filter analyser o ‘ o
In a Wien filter analyser the charged particle is injected into the device in a

direction perpendicular to both electric and magnetic field (fig. 28). The strengtbs
of both fields are chosen such that for one particular velocity vp the total force is

Fig. 28. Wien filter analyser. € and B stand for (crossed) electric and magnetic fields. (a) General case
Witil ari)itrary length of the filter. (b) Filter in which a slit placed at the entrance boundary of the fields
is imaged on a slit at the exit boundary.
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zero, i.e., the particle trajectory is straight. According to €q. (48) this is the case
when: :

vp=¢/B. (49)

Particles with a velocity different from this velocity vy, are deflected from the
straight line trajectory. Hence a Wien filter essentially has velocity dispersion. If
the particles to be analysed have the same mass, one can use this effect for energy
analysis. Alternately for particles with the same energy it leads to mass separa-
tion.

In the dispersive plane, i.e., the plane containing the particle trajectories and
the electric field vector there is focussing; i.e., for a suitable combination of P’, Q’
and L (fig. 28(a)): dx»/da =0. The position of the focal and principal planes
characterizing this focussing is given by (figs. 24 and 28(a); in fig. 24 R,® has to be
replaced by L):

— Yo (o @L\T! ~Uo @L
f= - (sm ) , F= » SOt ) (50)

Up

The position of object and image is governed by eq. (42). In eq. (50) vp, is given by
€q. (49); w is the cyclotron frequency given by w = gB/m. For further use of the
equations see sect. 3.2.1. The most well-known. Wien filter is the one in which
L = mup/w. The slits are then located at the entrance and exit boundaries of the
fields (see fig. 28(b)). In that case the spherical aberration coefficient C, has a
minimum (Andersen 1967). Besides that a beam entering the device with a beam
angle zero also leaves it with zero beam angle (sect. 2). This is not the case for
shorter or longer filters. The base energy resolution of the filters with L = rop/w
and L = 7up/2ew can be deduced from eq. (26) and table 1. Note that Am/m =
AE/E.

The advantage of a Wien filter is the straight trajectory of the particles and the
simple construction. When electrons are analysed, coreless coils usually suffice.
For this case Anderson (1967) described an inhomogeneous magnetic field to
correct second order spherical aberrations. High resolutions (25 meV) have been
obtained by Boersch et al. (1964) and Andersen and Le Poole (1970). Galeys and
Kuyatt (1978) and Collins (1973) showed that two-dimensional focussing is
obtained when the uniform magnetic field is replaced by a toroidal one.

Trochoidal analyser

In the trochoidal analyser the particles, mostly electrons, are injected parallel to
the magnetic field (fig. 29). Due to the combined electric and magnetic forces (eq.
(48)) the particles describe trochoidal trajectories (Stamatovic and Schulz 1970).
The strength of the magnetic field is chosen such that the cyclotron period
(w™'= m/gB) is much smaller than the passage time from entrance to exit slit;
besides that the ‘“radius” of the trochoidal orbit is much smaller than the
characteristic dimensions of the analyser. This means that it suffices to consider
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Fig. 29. Trochoidal analyser. £ and B stand for (crossed) electric and magnetic fields. vg and vp are
the beam and the drift velocity, respectively. £ = 0 outside the analyser; B is present everywhere, i.e.,
from target to detector.

only the guiding centre motion; i.e., to average over the trochoidal motion. Note
that in the Wien filter this is not allowed. The trajectory of a particle is now
determined by two constant velocities: a velocity vg along the magnetic field lines,
equal to the initial velocity in that direction and a (& x B) guiding centre drift
velocity vp = &/B. vp is perpendicular to the electric as well as the magnetic field
(Chen 1976) and hence causes a deflection from the initially straight line tra-
jectory. If the device has a length L then the deflection D is given by: D =
opl/vs. Because vp is independent of the particle energy and mass the deflection
D is inversely proportional to the velocity of the particle at the entrance side of
the analyser. For the analyser pass energy one can derive:

E = (¢L/BDY m/2q. (1)
In first approximation the base energy resolution is given by (Roy 1972):
AER/E =2(Aw;+ Awy)/D +2(Aa)*+ sAw/E . (52)

In eq. (52) the first and second terms on the right-hand side give the con-
tribution to the energy resolution due to the aperture diameters and the opening
angle of the beam with respect to the B-field direction (fig. 29). The third
contribution to the energy spread is caused by the potential drop sAw, across the
entrance aperture. This last term usually has the largest influence on the resolu-
tion.

For proper operation of the device the uniform magnetic field extends from the
particle source in front of the analyser to the particle detector behind the
analyser. For applications in which one is interested in the energy spect.rum of
electrons, this analyser is a good candidate. The large magnetic field confining and
guiding the particles makes operation at energies well below 1 eV possible.

The energy distribution of particles emerging from this type of analyser has bee.n
calculated by Roy (1972). Roy and Burrow (1975) and Langendam (1978) used this
analyser in a 180° backscattering spectrometer. From these papers it is clear that
the trochoidal analyser may be very useful in fields such as ultraviolet photoemis-
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sion spectroscopy. Tam and Wong (1979) described a system in which a trochoidal
analyser was combined with a magnetic filter; this filter preferentially stops
electrons ‘with large transverse energies. This increases the resolving power of the
analyser.

4.3. Retarding potential analysers

One of the oldest methods to determine the kinetic energy of a charged particle is
to apply a retarding electrostatic field at the particle collector. In principle all
particles with an energy larger than the potential barrier can reach the collector.
A variation of the potential difference between particle source and collector leads
to an integrated energy spectrum. By differentiating the result with respect to the
retarding potential, one obtains the spectrum itself. This idealized picture is
shown schematically in fig. 30(a). In such a set-up, in which the entrance aperture

~usually is replaced by a high-transmission grid, particles with an energy larger

than eVg will reach the collector and in principle contribute to the measured
current. However, reflected particles and secundary electrons (provided these are
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Fig. 30. Retarding potential analyser arrangements. (a) Simplest set-up with retarding field between an
entrance plate with aperture and collector plate. (b) Three-grid arrangement with single retarding grid
(2). (c) Four-grid arrangement with double retarding grid (2). (d) Spherical four-grid system.

FParticle transport, dispersion and detection 415

created by negatively charged incoming particles) will be accelerated away from
the collector surface, leading to erroneous results. A possible way to prevent this
is to shield the retarding field from the collector by means of grids (fig. 30(b)). The
particle is energy analysed by a retarding field between grids 1 and 2 and
reaccelerated between grids 2 and 3. Collector C can be biased with respect to
grid 3 to ensure that all particles are collected.

There are several effects which influence the measured energy resolution.

First of all the potential in the plane of grid 2 in fig. 30(b) is not equal to Vi
everywhere. In between the grid wires the potential is lower due to the influence
of grids 1 and 3. For example a mesh at potential V with 100 wires per inch of
thickness 0.025 mm, placed between two grounded grids each at a distance of
6.35 mm, gives a potential difference between the wires and the centre of a grid
aperture: AV/V =2% (Taylor 1969). This of course directly limits the minimum
obtainable energy resolution. A solution to this problem is to replace the
retarding grid by a set of two grids, both at the same potential; see fig. 30(c).
Taylor (1969) showed that in his case the addition of this extra grid improved the
resolution from 2.4 to 0.3%.

A more basic drawback which affects the energy resolution is that not the total
kinetic energy is determined but the particle momentum perpendicular to the
potential lines. If a particle with energy E, and charge g enters the retarding field
with an angle « with respect to the field lines a potential barrier with a height
(E, sin® )/q suffices to reflect the particle. If the particle beam to be analysed has
an angular distribution with halfwidth A« the corresponding broadening of the
energy distribution is (Simpson 1961):

AER/E =sin’Ac. (53)

For this reason the shape of the grids has to be adapted to the experimental
situation. Plane grids are used for large particle sources from which the particles
are emitted with small opening angles. The opposite situation is more frequently
encountered: Small particle source and large opening angles. In that case a
spherical grid system is to be preferred over a plane one; see fig. 30(d).

The angle « is influenced by more effects than only the particle source
characteristics: because the particle leaves a-field-free region and enters a region
with field, the aperture in fig. 30(a) acts as a (negative) Calbick lens (sect. 3.3.1).
When gridded planes are used each of the meshes acts as a separate lens.
Although these lenses are ill-defined and the Calbick formalism is only applicable
for paraxial trajectories, i.e., for trajectories far away from the wires of the grid or
the edge of the aperture, we assume that in first approximation this treatment is
sufficiently accurate to give some insight in the magnitude of the effects. In case of
an aperture the focal length is: f=—4d (eq. (15) for particles having threshold
energy; d is the distance between the aperture and the collector plate). Hence a
particle entering the field perpendicular to the entrance plate after passing
through the entrance aperture at a radius R, will have an angle a ~tg @ = Ra/4d.
Consequently an aperture with diameter a;, or a grid with mesh size a; leads to a
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limiting energy resolution AER/E =sin¥(a,/8d) ~ a?/64 d>. 1t is clear that for - |

a,=<0.1d this contribution is negligible. :

Equation (15) also shows that the lens action at grid 2 is positive and much
stronger than that at grid 1; the energy of the particles approaches zero and hence
the focal length of the lens becomes vanishingly small. Therefore eq. (15) is of no
- use anymore. In this case the energy resolution has to be obtained from numerical
trajectory calculations. For a given combination of mesh size a> and retarding
field strength &g, the energy resolution can be deduced from the calculated
transmission versus particle energy curves. Such theoretical curves are given by
Hutchital and Rigden (1972a,b), Staib (1972a,b) and Staib and Dinklage (1977).
Staib (1972a) showed that 50% transmission is obtained for an energy shift AE
from threshold where AEys(eV)=0.05 £ray, i€, a retarding field strength of 1V
per unit a, leads to AE,s=50meV. Figure 31 shows the result of a two-
dimensional trajectory calculation (grids consisting of only vertical wires, Hutchi-
tal and Rigden (1972a)). It shows the strong positive lens action and the large
aberrations for trajectories close to the wires.

Also stray magnetic fields will influence the trajectory of the particles and thus
the angle o with respect to the electric field. In case of parallel particle tra-
jectories initially perpendicular to plane grids the magnetic field will curve all
trajectories in the same way; this leads to a shift in apparent energy. However, if
the particles move at different angles with respect to the magnetic field lines, as is
the case in the spherical grid system, the curvature of the trajectories is different
for different angles; this leads to a broadening of the energy distribution.
Hutchital and Rigden (1972b) calculated the magnetic field induced base resolu-
tion AEg ), in a spherical grid system. It is shown that a minor shielding against
magnetic stray fields usually sufficies (e.g., AEgya~50meV for B =100 mG;
A Ep . scales with B?),

Compared with the deflection type analysers the spherical retarding potential
analyser has some distinct advantages and disadvantages. It has a very large
Iuminosity; the solid angles which are accepted are at least as large and usually

N

Fig. 31. Numerically calculated trajectories of 500.5eV particles in a 500 V/inch retarding field

between two one-dimensional grids (one inch apart) (i.e., wires perpendicular to the plane of the

drawing). The region right from the grid shown in the figure is assumed to be field-free (from Hutchital
and Rigden (1972a)).
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larger than those accepted by for instance the cylindricgl mirror analyser (sect.
4.2.3). Besides that the source area can be made appreciably larger tl‘lan that of
the deflection analysers. Equation (53) shows that a source leth'dlameter ds
(ds < Ry (see fig. 30(d)) leads to a broadening of the energy .dlstrlbutlon such that
AEp/E = d§/4Rj3. This means that one can allow source diameters m}lch larger
than those in deflection type analysers. The resolution is linearly instead of
quadratically dependent on the slit size: AEg/E = w/R, (or w/L, see eq. (2§)). This
also means that the alignment of the source with respect to the analyser is much
less critical in the retarding analyser.

The retarding potential analyser is capable of a high resolution. Hutchital and
Rigden (1972a,b), Goto and Ishikawa (1972) and Staib and Dinklage (1977)
showed that for electron energies of 500-1000 V resolutions of the order of 0.1%
are attainable.

The disadvantages of the retarding potential analyser are two-fold. First of all
the measurement integrates over all energies above a preset value. This means that
the (shot) noise level is much higher than in the case of the deflection type
analysers. This makes it essential to modulate the retarding potential and to apply
lock-in techniques. For details about these techniques, see Taylor (1969) and
Golden et al. (1972). Besides that, the creation of large amounts of secondary
electrons on the grids has an obscuring effect on the measurement (Wei et al. 1969).
These effects make the signal to noise ratio of retarding potential ana_lysers
usually worse than that of the deflection analysers. They are, however, very-useful
in cases of large sources. Besides that, if a LEED set-up (fig. 30(d)) is required for
the analysis of a target surface, it is advantageous to use this set-up also for
photoelectron and Auger spectroscopy.

A way to circumvent the problem related to the high pass character of the
analyser is the following: The particles in which one is mostly interested are those
passing the grid with very little energy. Now suitably chosen small electric fields
can be applied such that these low-energy particles are bent back to the axis of the
system whereas the trajectories of the higher energy particles are much less
influenced by this field. By placing a small collector on the axis one discriminates
against higher energy particles and consequently the high pass filter becomes a
band pass filter. In this way advantageous features of retarding potential and
deflection type analysers are combined. In fig. 32 two of those arrangements are
shown: in the set-up of Hutchital and Rigden (1972a,b), fig. 32(a), the foct}ssmg
field is generated by applying a small potential on the circular suppressor grid. In
fig. 32(b) the set-up of Staib (1972a) is shown. Here the low-energy particles are
focussed to the axis by a set of two spherical grids, generating a radial electric
field. In both cases, however, a high background is still present. Harris et al.
(1975) compared both types experimentally. The Hutchital-Rigden set-up was
found to be superior, probably because of the presence of fewer grids, see also
Lindau et al. (1973). However, recently, Staib and Dinklage (1977) described an
improved version of the Staib type analyser. Apart from the band pass charactffr
which is obtained in this way, an additional advantage is that the collector size is
small enough to apply normal size particle multipliers.
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Fig. 32. Two so-
Wi%h > \Zg;o called post—mopochromator arrangements. Particles passing the retarding field grids
gy are preferentially reflected to a detector placed on axis. (a) Hutchital and Rigden
set-up. (b) Staib set-up. ’

A . . ‘ '
combti?lggozayf to obtain a band pass retarding potential analyser is to apply a
combination rps mti\:s(zoretirdm(%gf;;lds, in which one is used in reflection and the
n. Lee , 1 ' i
Fesults with sueh & sotar 973) and Eastman et al. (1980) obtained good
riz::iotlher class of retard'ing potential analysers is the so-called filter lens. In
9 ple a filter lens consists of an einzel lens (see sect. 3), in which the cen.tral
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element is operated in a strongly decelerating mode. Particles with an energy
below a certain preset value are reflected in this central element. Because such a
strongly decelerating lens system is highly chromatic (see sect. 2.4), particles with
an energy higher than the preset value are focussed back to the axis with large
aberrations and consequently are smeared out in space. In case an exit aperture is

" used only particles with an energy within a small band are focussed on the

aperture correctly and thus the high-energy component of the beam is attenuated.
This effect becomes very strong when the entrance and exit apertures are placed
off-axis. Usually such a filter system consists of more than three elements; often a
combination of cylinder and aperture lenses is used (Simpson 1961, Simpson and
Marton 1961, Kessler and Lindner 1964, Zeman et al. 1971).

Finally it should be mentioned that it is also possible to apply the retarding
potential technique in an axial magnetic field. See for example: De Jagher et al.
(1974), Hsu and Hirschfeld (1976) and Hopman et al. (1977).

4.4. Quadrupole analysers

A quadrupole mass filter uses an arrangement of electrodes identical to that of the
quadrupole lens (fig. 10). For the excitation of the filter an RF voltage is added to
the DC voltages on the two pairs of rods. The principle of the filter is to create a
field with the following characteristic:

V(x, y, t) = cA cos wt(x*— y)+ Vpe, (_54)

where c is a constant, and A and w are the amplitude and frequency of the RF
voltage, respectively. In a field of this kind only ions of a specific m/e have a
stable oscillatory trajectory along the z-axis, given by (for Vpc= 0):

mje = cAlw?, (55)

while all other ions have trajectories with increasing amplitude. Mass selection is
performed by scanning either A or .

The field prescribed by eq. (54) is usually approximated rather closely by the
use of cylindrical rods, as was pointed out already in sect. 3.2.2. The DC voltage
can be varied in order to trade off sensitivity and mass resolution; the lower the
DC voltage, the higher the sensitivity.

Being versatile, fast scanning and sensitive devices (large opening angle),
quadrupole filters are generally used in routine applications like background gas
analysis and in neutral-beam detectors (fig. 40).

One aspect of the filter needs special mention: they are not optimal for
coincidence experiments, since there is a considerable spread in ion transit times.
This time depends on the phase of the RF field at the moment the ion enters the
field, and on the entrance angle. '

For more detail on quadrupole analysers we refer to the review by Blauth
(1968).
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4.5. Time-of-flight analysers

Time-of-flight (TOF) analysis of particle velocities or energies requires that the
particles be created at a sharply defined moment in time, after which dispersion of
the velocities takes place in a field-free drift region between particle source and
detector. Being a pulsed method, TOF analysis can only be performed with a duty
cycle considerably smaller than unity; the duty cycle is determined by the
time window necessary to record the velocity range of interest. On the other
hand, a whole range of velocities is detected simultaneously and this multichannel
character usually makes up for the small duty cycle.

Clear advantages over single-channel detection systems are the following.
Firstly, relative intensities within one spectrum do not need correction for
fluctuations in target gas pressure or photon flux because of the simultaneous data
accumulation in all channels. Secondly, detector background counts are randomly

~distributed over the whole range of channels rather than being accumulated in
one channel. A further noise reduction occurs since the product of time window
and repetition rate is usually smaller than unity.

If the particle source is excited by synchrotron radiation, with its inherently
well-defined pulsed time structure, the TOF analyser may well be worthwhile to
consider as an alternative to deflection-type analysers. Very efficient systems can
be built since large opening angles are easily realized in the absence of deflection
fields. The only problem may be the size and shape of available detectors. One
might for instance envisage the design of a 27r-steradian TOF spectrometer, using
a large-radius hemispherical channel plate with position-sensitive read-out for
complete angular information.

The resolution of TOF devices is determined by:

—the time structure of the exciting pulse;

~the drift length I;

—the spatial extent of the source, i.e., variation in flight path to the detector Al;

—the timing characteristics of the detector.

The first factor can often be chosen freely within certain limits; when using
synchrotron radiation, however, it is fixed by the storage-ring characteristics. For
some rings the light-pulse width is slightly less than one nanosecond, while for
other rings values of only around 100 ps are quoted. As regards the effect of
source size, one must distinguish between two cases. First, the case in which one
wishes to analyse initial particle velocities without any preacceleration. This would
be the normal mode for, e.g., photoelectron energy analysis. Then one will choose

a compromise between intensity and resolution. The energy resolution can then
be derived from:

B-le-er. g

where At represents the total time resolution, including the length of the exciting
pulse. Second, there is the mode of operation commonly applied for ion mass
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analysis. Here the particles are accelerated prior to ipjection into the drlft region,
in order to reduce the total TOF and thus the time window. Tbe iource-sue. eﬂect
on the resolution can then be minimized by ‘“‘space focussing”. The pr1nc1'ple
(Wiley and McLaren 1955) is that a particle initially closer to the detector acquires
Jess energy than those further away, and thus may be overtaken bY the' latter.
With a proper choice of accelerating field and d}‘lft ler.lgth, or bettsar still, with two
or more separate fields between source and drift region, a large improvement of
the space resolution is possible (see e.g., Sanzone 19?0). However, an.ot.h.er
problem remains, namely the decrease of the resolution dqe t.o the initial
velocities of the ions, in particular of fragment ions that arise in molecular
dissociation. For some purposes, one wishes to collect all the ions, rega.rdk'ass of
their initial velocity, in as small a time window as possible. Basically this s.1mply
requries a large ion draw-out field (Backx et al. 1975'). for more stringent
requirements, an elegant solution to the “energy—f.ocussmg Problem was dc;,ls-
cribed by Karataev et al. (1972). They used a folded drift region w1t.h reflection .of't' e
ions in a retarding field to obtain an excellent energy focus over a wide range of initial
energies. o .

In other ion TOF applications, high mass resolution is not reqU}red. One then
has the option to apply only a moderate extraction field, which means.the
information on initial ion velocity is retained in the TOF peak shape. Analy.s1s. of
peak shapes such as shown in fig. 33 permits determination of the dissociation
energy with reasonable accuracy (see, Van Wingerden et al. 197?). ‘

Detector time resolution is currently not a limiting factor; with the gdvent of
the micro-channel plate resolutions of 70 ps have been obtained (White et al.
1979). . '

We now briefly mention some details of two TOF 1nstrumegts. A straight-
forward application of the TOF principle is the device used by White et al. (1979).
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Fig. 33. Time-of-flight spectrum of D" ions, formed in dissociative ionizatio.n of D, by E?ke_V e}ectron

impact (Van Wingerden et al. 1979). The start signal for the time-to-;?ulse height conversion is given by

electrons, scattered with 40 eV energy loss (to simulate photoionization at hv = 40 eV). Thfe full curve

represents the prediction for D* with average energy of 8eV; the dashed curve D* with thermal
energy.
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They built an electron spectrometer for the 1-50 eV energy range. It has an
energy resolution of 5% and angular resolution of +3°. The spectrometer permits
a gain in collection time over conventional spectrometers of around two orders of
magnitude.

An interesting device is the double TOF spectrometer (fig. 34) described by
Guyon (1979) which is applied for coincidence detection of photoelectrons and
photoions. In the photoelectron channel a small draw-out field (1 V/em) provides
a high transmission for essentially zero-energy electrons. Fast electrons are
discriminated not only by their small solid angle of acceptance, but further by
their TOF difference with respect to the zero-volt electrons. The arrival of a
threshold electron is used to trigger a 60 V/cm ion draw-out field, which accelerates
the corresponding photoion into a 5 cm drift region. The ion mass resolution is 20,
and initial kinetic energies can be obtained from the peak shape with an accuracy of
-approximately 0.2 eV.

Further applications of the TOF principle have been described by numerous
authors. We mention here Land and Raith (1973), Toburen and Wilson (1975)
Backx et al. (1975a), Kennerly (1977) and Littlefield and Harmon (1978).

A special feature of the TOF analyser is that it permits coincidence detection of
two particles of the same kind having different velocities. For instance, such an
autocorrelation measurement of different-mass ions arising from one double-
ionization event was described by Backx and Van der Wiel (1975).
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Fig. 34. Double time-of-flight spectrometer for coincidence detection of photoelectrons and photoions

(Guyon 1979). Photoelectrons of near-zero energy are efficiently extracted by the +1V voltage.

Arrival of the photoelectron is used to trigger the —59 V pulsed ion extraction field. Dimensions are
chosen such that space-focussing of the ions is ensured.

FParticle transport, dispersion and detection 423

4.6. Multichannel detection

In synchrotron radiation experiments many parameters. can be and in most cases
are studied. In for instance experiments on photoemission from a target,'illu-
minated by a light beam with photon energy A, elections are produced with a
certain energy (E) and angular distribution (expressed in terms of_ the polar and
azimuthal coordinates 6 and ¢, respectively). If one wants to 1nv§stlgate .the
photoemission probability as a function of E, 6, ¢, hv, p.hoton. polarization (i.e.,
linearly or circularly polarized light) and possibly the orientatiori of the phqton
beam with respect to the surface, it is clear that this can be very time consuming,
especially if the analysing system is capable of lool'<1ng 'at only one particular
combination of the parameters at a time. This may give rise to serious pioblems
such as (surface) contamination or damage of the target during 1llum1nati0n. For
that reason nowadays more and more attention is paid to parallel or multicharinel
detection techniques. Multichannel detection can be performed either in tlie time
or in the position domain. An example of the first possibility is the tec}imque of
time-of-flight analysis (sect. 4.5). The present section deals Wlth.the rc?quirenie_nts,
which analysers must. satisfy in order to be used in conjunction with position-
sensitive detectors. Details of the read-out techniques for micro-channel plates, the
most commonly used device for multichannel detection, are given in sect. 5.3
together with applications. .

Three of the above mentioned parameters, E, 6 and ¢, can be spatially resolved
such that there exists a known one-to-one relation between the parameter and a
position on the position-sensitive detector; therefore these parameters are s.uit.ab‘le
for multichannel detection. In case two-dimensional detectors are used, 1t'1s n
principle possible to perform multichannel analysis on two parailieters simul-
taneously. We now give some general remarks and treat a few typical examples::

Multichannel energy analysis: The “ideal” energy analyser used for multi-
channel detection of a complete energy spectrum has the following features:

—Particles with different energies are imaged on a plane.

—This image plane is an equipotential plane. This latter property is important
because the front surface of the channel plate is an equipotential plane. The only
analyser which combines both features is the parallel plate analyser: see fig. 35(a)
and sect. 4.2.3. In the 45° version the image plane coincides with the bottom
electrode; the 30° versions have an image plane below the bottom elect.rode
(Proca and Green 1970). Because the parallel plate analyser has one-dimengiorial
focussing the non-dispersive dimension can in principle be used to obtz.im in-
formation on the () angular distribution. This holds for all one-dmienswnally
focussing analysers. An example of a 45° paralle] plate analyser in which energy
and angular distributions are simultaneously determined is given by Pauty et al.
(1974). However, in this case no channel plate was used at the bottom electrode
but the electrons passing the exit grid (fig. 35(a)) were imaged on an electron-
sensitive photographic plate. An ideal analyser for simultancous detection of the
parameters E and ¢ is the 45° fountain parallel plate analyser (fig. 21). However
the channel plate has to be large and ring shaped.
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Fig. 35. Examples of multichannel detection arrangements in which micro-channel plates are d
Pa'rallel plate analyser. The curved trajectories represent particles with energies E|, F, and lge ;Fgae?
ﬁrld serves to s.eparate the deflecting field between the plates and the (usually) ;accelerating} field
etl\yeen the grid z%nd the channel pla.te: (b) Spherical four-grid retarding potential analyser for
multichannel detection of angles of emission. The grid in front of the channel plate (4) serves to

separate the accelerating field in front of the channel plate from the rest of the analyser.

deghedISO hemlsphe'ncal and 127° cylindrical deflection analysers have also well-

ne [image .planes, however, these coincide with the exit planes and thus are
nhot equlpo'tentlz.il p.lanf?s. The presence of the channel plate at the exit plane spoils
F e potentlal. distribution of the analyser. This may lead to aberrations in the
;r:]l:ge; .espeaﬁally for energies focussed at radii much different from the central
ima, : to},l see figs. 25 and 26. A solution to this problem is to use a lens system to

g € exit plane of the analyser on the channel plate which is now placed in
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the field-free region of the last lens element. The characteristic dimension D of
the lens system has to be chosen such that the (spherical) aberrations are
sufficiently small. If the range of energies to be imaged on the detector is large,
chromatic aberrations may cause serious problems (sect. 3.4). An alternative
solution is to use sector fields shorter than 180° and 127°, respectively. The image
plane then no longer coincides with the exit plane; see, e.g., fig. 23.

In a cylindrical mirror analyser particles with different energies are imaged in
the field-free region in the inner cylinder (fig. 22). The image surface is a cone
with the apex pointing away from the entrance slit. Wannberg (1973) showed that
if the outer cylinder is replaced by a surface of the type R, = R; exp(1+ Az) ! the
image surface coincides approximately with the inner cylinder over an energy
range of about 20% of the central energy (z is the axial coordinate and A a
suitably chosen constant). Although in principle a set of ring-shaped electrodes
located at the inner cylinder can be used for multichannel detection, the overall
set-up does not look very promising.

Smeenk et al. (1982) apply a toroidal deflecting analyser for simultaneous
detection of energy in the dispersive plane and angle (only ) in the non-
dispersive plane.

In case of magnetic sector fields the image surface generally is curved (Sevier
1972), however, a suitably chosen field geometry can lead to an image plane.
Fadley et al. (1972) showed that a 7V2 iron-free instrument an energy interval of
10-20% of the central energy can be analysed simultaneously.

Multichannel angle analysis: The most obvious choice for angle resolved
analysis with simultaneous detection of 6 and ¢ is the spherical grid retarding
potential analyser (sect. 4.3 and figs. 30(d) and 35(b)). Such a system is described
by Weeks et al. (1979). As was discussed in sect. 4.3 the disadvantage of this
set-up is its high-pass character. A very elegant solution to this problem is given
by Eastman et al. (1980) who applied two retarding potentials in series, one in
reflection (mirror) and one in transmission; i.e., a combination of a low- and a
high-pass filter. The shape of the retarding fields is chosen such that the angular
information is retained.

Deflection type analysers with azimuthal symmetry are suitable for multi-
channel detection of the angle ¢, i.e.: the cylindrical mirror analyser, the fountain
analyser and the 27 version of the spherical deflection analyser. In principle a 6
range equal to twice the opening angle Aa (fig. 22) can be analysed simultaneously.
An example of such a system is depicted in fig. 36 (Van Hoof and Van der Wiel
1980): photoelectrons produced at a solid target are energy analysed by means of
an o =42.3° cylindrical mirror analyser. The polar angle selection lens placed
between the CMA and the target is excited such that for a particular energy, an
angular band Aés around a chosen angle 65 is focussed into the opening angle
accepted by the analyser (42.3°%6°). The detector input lens focusses the elec-
trons leaving the CMA on the detector plane. This latter lens improves the ¢
resolution and ensures that the electrons hit the channel plate perpendicularly
(which is advantageous for the efficiency; see sect. 5.3). The width of ring-shaped
slit defines the 6 resolution.
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Fig. 36. Cylindrical mirror analyser with entrance and exit optics optimized for multi-channel
detection of the azimuthal angle ¢. For details, see text.

4.7. Magnetic stray fields

In a careful design of an energy analyser the influence of magnetic stray fields is
taken into account. These stray fields may be due to the earth magnetic field or to
the application of magnetic materials such as iron and most types of stainless
steel. Especially in the case of transport and analysis of low energy electrons it is
essential to shield against these fields. The shielding requirements can be deduced
from the following analysis:

In the idealized case of a deflection type analyser in which the particle
described a circular orbit in a plane perpendicular to a uniform magnetic stray
field B (e.g., cylindrical and spherical deflection analysers; mean radius R,), this
field causes an additional inward (or outward) radial force. This has to be
compensated by the analyser electric field such that the particle is able to reach
the exit slit. This leads to a shift in the apparent pass energy. For this shift,
AEyag, one can derive (Rudd (1972), E expressed in eV):

AEMAG/E = (q/2m)1/2 (BR(]/EI/Z) . (57)

For the other types of deflection analysers similar relations can be found.

When the trajectories of different particles inside the analyser do not differ
much, i.e., when for instance the opening angle accepted by the analyser is not too
large, the magnetic stray field has the same influence on all particles of the same
energy. Consequently the effect of a field perpendicular to the dispersive plane is
limited to this shift in pass energy; it does not change the energy resolution. This
is the case in all deflection type analysers with a well-defined dispersive plane.
However, it does not apply to for instance the spherical grid retarding potential
analyser (sect. 4.3) and the 27-CMA (sect. 4.2). '

In general, if we allow a maximum deviation d from an ideal particle trajectory
with length [, the maximum magnetic field B, to be tolerated is given by

B =22m/q)"” (E"d/P). | (58)

E is again expressed in eV. If for instance a 180° spherical deflection analyser with
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mean radius R, = 5cm is applied to analyse 10 eV electrons, a maximum allowed

" deviation d = 0.1 mm leads to B, =1 mG. Under the same conditions the relative

ift i E =0.05% (eq. (56)).
pa"sl"sh(::nsehrige)lldsiglgftolfS rﬁaEgl\:lz(t}i/c fields can l()eqachieved in two ways: one can pl'ace Fhe
analyser at the centre of a system of Helmholtz coi‘ls and/or inside a box with h1glg
ability metal walls (mumetal). Helmholtz coil systems can be'used to shie
F}férzzrth magnetic field and other fields which are more or less uniform oYer the
dimensions of the experiment. Such a sy.stem is n.lade up of tv'vo equaé ;:Z);lst .at a
distance equal to their radius in case of 01rcu‘1ar C(?IIS and at a dlstancle . t 1mei
the length of one side in case of square c.01ls .(Flrester 1966). The datter i/lpe ot
coils usually allows better access to the 1.nter10r. A complete fiel d‘amllu me;n
systems contains three of those sets of coils along mutl.lally perpen 'llcu atrh axdsii
Cacak and Craig (1969) calculated that such a syst?m of six c1rcular0 coils wi A ra !
Ry provides a magnetic field homogeneous‘ within 1 and 0.1. Yo in spherica
volumes equal to 0.2 R and 0.03 Ry, respectlyely. For further information, see
Rudd (1972), Rudd and Craig (1968), Kaminishi and Na.wata (1%8}()1. down to the
Mumetal single or double shields can reduce magne.tlc §tra¥ clds 0b o
milligauss level. An excellent reviev\l/1 0;1 1rlnurpetal shielding is given by N4
ractical remarks are the following:
(1?F5l2. ri?lrflel)‘erof holes in the shield, such as f§ed throughs, vacuum pumpf l'i;)lleessé
as well as their size should be kept to a minimum. Also the posﬂpn; (;d hese
holes with respect to each other and the direction of the magnetic fie
sen carefully. . o
Sh(/:lls(:lil:;d?:go consisting 032 two separate layers is more eﬂimeqt than a ls)m%l:dl:g:;
with double thickness. From Wadey (1956) t.he following rel?ltlons can be decuced
for the shielding of a magnetic field B,y directed perpendicular to one

concentric cylinders, respectively:
59a)
Bout/Bin = /'er/zRM 9 (
59b
Bout/Bin = /Jdrd/RM + (l“frd/le)2 (S/2RM) . ( )

In this expression B, stands for the magne?ic field strength 1n§1de theb e(il\:,r;:z
cylinder; d is the thickness of each of the cylinder walls; S tl_le dlstancid >en
the two cylinders; Ry the average radius of thse (two) cyhndeé(s) tie ] S;;,lmp-
relative permeability of the mumetal (u, = 10*-10%). (59 holds unt elr (To70) The
tion of infinitely long cylinders and d, S < Ru; see also Gubser € fa . _ma. The
mounting of the two cylinders should be done by means of non-mag
m:i\;?;leﬂsiarge volumes have to be shielded it sbould be r?alized that the Shtlgd’[t‘l;:
to be made sufficiently thick in orde; todlavollzd Sat:git:,osr}ll iglfdt:em :;:Ielgc ﬁ.eld e
thickness d of a mumetal cylinder wit radius Ry us icld B
i i cylinder axis has to be chosen such that the total flux

gges:;tiz‘lid%fir,pviﬁSrllc‘clglrl;(;;?seedyin the shield, does not saturate, i.el:(.,Gd = RuB/Bsar;
Bsar is the saturation value of the mumetal (usually Bsar = 5-8kG).
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In51d§ Ihe §hield only non-magnetic materials can be used. So-called ““non-
magnetic™ stainless steel is only to be trusted when the absence of remanent

magnetism hds been checked by means of a (milli i
aussmeter.
done after each machining process. & meter. This needs to be

4.8. Choice of materials

The choice of materigls for the construction of lens systems and analysers is
11}111portant. ngether with the residual magnetic stray fields (sect. 4.7) the materials
c o§en for slits, apertures, analyser electrodes and grids set a limit on the lowest
attamatt?le pfaflsl enerlgy. Usually a low pass energy is favourable for the overall
properties of the analyse .4, is Ii

e tollowinn, yser (sect. 4.2.2). The problems one is likely to encounter are

Contact potentials: Different metals connected to each other have a potential

difficult to correct for it.

X Oxzdaf‘lon of conductors This causes local insulating layers. If a fraction of the
¢am strikes such a layer, it accumulates charge and deflects the beam. This effect
usually causes slow fluctuations in signal. , .

Generation of secondar.y electrons: Charged particles entering an energy

agcle(;gi;ted to the exit slit of the analyser. Note that ions (neutrals) with energies

o QO €V can have a secondary emission coefficient larger than unity
Reflection f’f particles: Particles with an energy other than the pass ene.r ca

reach the exit slit via one or more reflections. Especially low-energy elegc}t]ronr;

(<10eV) have a large reflection coeflicient; see Fowler and Fansworth (1958) and -

Marmet and Kerwin (1960).

| In lens §ystems the first two points are usually the most important. For not too
(l)w Znerg;es (say =25 eY) one can use stainless steel: for lower energies gold

g‘;te. stamless steel '(w1th additional layers such as, e.g., rhenium to prevent
iffusion of the gold into the stainless steel) and in particular molybdenum are

and other parts to be used close to the beam.

o Inkanalysers with pass energies of the order of 1 eV thin porous coatings of gold
ack, soot and graphite-based substances like Acheson Colloid Dag 380 are often
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by vacuum deposition. In a comparative study Martin and Von Engel (1977) found
soot layers to be superior to other coatings with respect to reflection probability
and secondary emission. A disadvantage of these coatings is that they are easily
wiped off; therefore they should be handled with care.

Another measure to reduce secondary emission and reflection in analysers is to
apply high transmission grids at all places where particles are likely to hit a
surface. Additionally these grids can be coated with soot. Behind the grid a plate
on a potential sufficiently positive with respect to that of the grid is placed to
avoid secondary electrons being produced at places behind the grid (Marmet and
Kerwin 1960).

Secondary emission and other spurious effects can also be reduced strongly by
applying two analysers in series. In the second analyser only particles with an
energy close to the pass energy are present and consequently only a minor
fraction of these will impinge on a surface.

Of course all materials used should be compatible with the general vacuum
requirements. Information on this matter can be found in vacuum reference books
such as Holland et al. (1974). Examples of 180° spherical deflection analysers used
in UHV are given by Lindau and Hagstréom (1971), Thomas and Weinberg (1979)
and Allyn et al. (1978). In case oil diffusion pumps are used care should be taken
that only oils are selected (Santovac, Convalex) which, when cracked under
particle bombardment, do not form electrically insulating layers.

4.9. Calibration

4.9.1. Energy calibration
In principle the absolute energy of a particle transmitted by an analyser should be

calculable from analyser dimensions and deflection voltage. In practice, however,
problems arise due to deflection-field imperfections at the entrance and exit of the
analyser and, more importantly, due to unknown surface potentials and/or patch
fields. In most cases at least one point of absolute calibration is therefore needed.
As a primary standard for such calibrations one has frequently made use of
autoionizing electrons, whose energy is equal to the difference between two
ionization thresholds known with optical accuracy.

Having one absolute energy, further calibration of the scale is rather straight-
forward. For retarding analysers or for deflection-type analysers with constant
pass energy and a scanning pre-retardation, all that is needed is a calibrated
power supply for the retardation voltage. For analysers in the deflection-voltage
scan mode, the factor between (calibrated) deflection voltage and pass energy
does not depend on surface potentials and can be found by calculation, or better
still, by the use of a second calibration point. Problems with deviations from this
linear relationship may arise at very low energies, where the effect of patch fields
becomes noticeable.

At the present time there is little need for special efforts to obtain an
independent absolute energy scale since quite extensive and reliable listings are
available of ejected-electron energies. The energy range of the existing data is
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quite wide; roughly speaking, for the range of a few eV to 100 eV, one looks at .

autoionizing energies (Siegbahn et al. 1969); for 100-1000 eV at Auger-electron
energies (Sevier 1972, Davis et al. 1972) and beyond that at X-ray photolines of
elements with known ionization energies (Siegbahn et al. 1969).

Note that each of the above-mentioned electron ejection processes can be
excited by photon impact, being the most relevant for the present discussion. If
the experimental arrangement also allows the presence of an electron source with
sufficiently small energy spread, then a wealth of other calibration marks becomes
available. In particular, we mention negative-ion resonances, cusps and sharp
thresholds both in elastic scattering and in a variety of inelastic channels (see e.g.
Schulz (1973)). Most of these secondary standards rely on optically known discrete
excitation energies for their accuracy.

4.9.2. Transmission calibration
In sect. 4.2.1 a quantity C(E) was defined, representing the overall collection
efficiency of a lens-analyser—detector combination. Obviously C(E) is a function
of great practical importance, both with regard to its absolute value and to its
relative behaviour with energy.

If one chooses to avoid problems related to the calibration of C(E), one should
design a system as follows: Firstly, the source area and solid angle of acceptance
are defined entirely by the geometry of a set of collimators in a field-free region.
Secondly, the lens system is designed such that it has constant linear magnification
and that it passes the entire solid angle at all energies. Finally, an analyser is
chosen which again accepts the full solid angle and source area, and has angular

(ARB.UNITS)
=
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Fig. 37. Collection efficiency of a cylindrical mirror analyser, used in the “‘constant-relative-resolution”
mode, as obtained by Woodruff et al. (1977) from application of eq. (60) (black dots and crosses). The
idealized efficiency is represented by the straight dashed line through the origin.
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aberration terms in its resolution much smaller than the slit width term; see sect.

' 4.2.1. Under those conditions, C(E) contains only readily known constants apart

from the detector efficiency and the energy band pass of the analyser (we suppose
a continuous energy distribution is being analysed). The detector efficiency
requires separate calibration (sect. 5.3), while the energy band pass depends on
the mode of operation of the analyser. In the “constant-absolute-resolution”
mode, i.e., at constant pass energy, the band pass is a constant, even at varying Ao
and AB (since the angular aberration terms are small); in the “constant-relative-
resolution”” mode the band pass is simply proportional to the pass energy.

This clearly is an idealized case. In practice, one will prefer to optimize the
transmission along the lines indicated in sect. 4.2.2. This means that the trans-
mission needs to be derived from a complete ray tracing of the whole system for
all energies. Even then, unknown surface charging or difficulties with the ray
tracing for unusually shaped optics can lead to unreliable predictions for C(E)
(see e.g., fig. 37).

For these reasons, one usually resorts to empirical determination of C(E).
Several methods have been described in the literature, of which we briefly
indicate the principle. For details we refer to the original publications.

Absolute methods

The most straightforward method (Gardner and Samson 1973, 1975) relies on
accurately known photoionization cross sections; compilations of these, claiming
=~3% accuracy over most of the energy range up to a few hundred eV, are
presently available (Samson 1966, Marr and West 1976). The idea is to disperse the
radiation from a continuum or many-line source, measure the absolute photon
flux (see ch. 5 of this book) at a series of wavelengths, and record the yield of
photoelectrons from an atomic target gas, preferably at the magic angle (54.4°; see
ch. 9 of this book). The factor C(E) is then obtained from

Nu(E) = oo i(hv)nlFC(E) (60)

where E = (hv-ionization potential), n and [ are the target gas density and target
length respectively and F is the number of photons. This method is an elegant
application of synchrotron radiation; however, the range of photoelectron ener-
gies that can be produced using a certain monochromator may be different from the
range over which the spectrometer needs to be calibrated.

For these cases, another method exists which requires the presence of an
electron source, which can be a simple gun without monochromator. The idea is
much the same as the previous one, except that now use is made of known
electron impact cross sections (e.g., Van der Wiel and Brion (1973)). These can be
either differential elastic scattering cross sections, at impact energies equal to
those for which the spectrometer needs to be calibrated, or cross sections for
production of ejected electrons at high incident energies. For both processes, com-
pilations of reasonable accuracy (5-20%) are now available. For elastic scattering
cross sections we refer to the compilations of Register et al. (1979), Andrick
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(1973) and De Heer et .al. (1979); and for ejected-electron cross sections to the
work of Opal et al. (1972).

Relative methods

So far we have dealt with methods which in principle lead to absolute calibration.
The problem is simpler if only knowledge of the relative behaviour of C(E) with
energy is required. For instance, for calibration over a limited range of 0-10eV,
Gardner and Samson (1976) recommend the use of their tabulated relative-
intensity standards. These standards refer to the intensity of a series of spectral
features in photoelectron spectra of several gases taken with one-photon energy.

An interesting alternative (Gardner and Samson 1975) is to scan one photoline
at different pass energy in the analyser (fig. 38(a)). It can easily be argued that the
count rate versus pass energy plot is the inverse of the collection efficiency,
assuming that the transmission of the analyser is determined by its geometry, and
that the detector efficiency is constant. The argument is a simplification of the
earlier description by Poole et al. (1973) of a similar calibration method. An
example of the application of the method and a comparison of the result with that
of the “cross-section” method are shown in fig. 38.

For completeness’ sake, we mention a rather special method, which does not
rely on any previously measured quantity. The idea was developed by Van der
Wiel and Brion (1973) for a rather special electron scattering arrangement
consisting of two electron analysers: a forward-scattering analyser for 3.5keV
electrons, which could be scanned over a wide range of energy losses (but small
compared to 3.5keV) with constant transmission, and a second analyser for
low-energy ejected electrons. The two electron signals are measured in coin-
cidence. The calibration of the latter analyser could be performed fully in-
dependently by requiring the coincidence count to have the same spectral
behaviour as the energy-loss signal under well-defined conditions.

A few concluding remarks concern some pitfalls in the calibration problem.

Firstly, when using radiation of narrow linewidth, the definition of the trans- 3
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Fig. 38. (a) Intensity of one line in a photoelectron spectrum at different pass energies; dashed curve is
expected behaviour (from Gardner and Samson (1975)). (b) Solid curve: inverse of experimental curve
in (a), representing the collection efficiency. Dashed curve: efficiency derived from eq. (60) (ibidem).
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mission becomes problematic. Our previous definition of C(E) was based on a
continuous distribution of energies at the analyser input. Line-shape problems,
and the analysis of peak heights and areas, have been dealt with by Woodruff et
al. (1977) (see fig. 37). o

Secondly, one should be aware of pressure dependence of the f:ahbratl(.)n,
especially since one often tries to enhance the count rates by workln‘g at high
target pressures. At typical analyser energies of a few eV, the cross section for an
electron to be scattered out of its path, is on the order of 107" cm® At pressures
around 107! Pa, the probability for scattering approaches unity. Moreover,
resonance structure in the scattering cross section may even complicate th'e
situation further. These and similar problems have been discussed in some detail
b3; Gardner and Samson (1973) and by Wuilleumier et al. (1977).

5. Particle detectors

5.1. Neutral particle detectors

In this section we restrict ourselves to a brief listing of the most commonly use'd
techniques to detect neutral particles at low energy, such as are created, e.g., in
photodissociation processes. Results for the detection of faster neutrals (0.5.—
50 keV) as were reported by Barnett et al. (1972) are outside the scope of this

section.
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Fig. 39. Hot-wire detector for neutral particle detection (mainly alkalis) by surface ionization. (a)
electrostatic screen; (b) ion collector electrode; (c) hot filament (at positive bias voltage). For
efficiencies see Datz and Taylor (1954) and Hollstein and Pauly (1966).
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Surface ionization 7

The neutrals that are most readily detected are the alkali atoms. Their ionization
energy is low enough to permit surface ionization on surfaces of metals such as W,
Re and others, having work functions exceeding the alkali ionization potentials.
They make very efficient detectors, which are also of simple design (see fig. 39).
For thermal energies and up to several electronvolts efficiencies close to unity
have been measured (see caption of fig. 39). One of the few problems with these
detectors is their background due to the evaporation of small amounts of
contaminant alkali — mostly K - from the bulk material. This requires prolonged
outgassing before a measurement.

Electron impact ionization

A universal way to detect neutrals that do not ionize on surfaces, is to ionize them
by electron impact. One then measures either the total ion signal or selects
different masses with, e.g., a quadrupole filter. The efficiency is low, typically
107°-107*, and much effort has been spent on improving this figure. An example of
an optimized ionization detector is shown in fig. 40.

lonizer i

Q-pole

Fig. 40. Universal detector for neutral particle detection by electron impact ionization.* Electrons

from the four filaments (only two are shown as black dots) traverse the gridded cage and form a

plasma for increased eﬁic1ency For thermal N, beams the efficiency is typically 1073. A quadrupole is
used for mass selection of the ions.

Multiphoton ionization

An alternative for the previous method is the use of an intense laser to ionize
neutrals. The method is universal as long as high-intensity lasers are used, which
ionize by a multiphoton absorption process even without the presence of inter-
mediate resonances. During the laser pulse efficiencies of unity are readily
attained, but of course a drawback is the very low duty cycle of these pulsed
lasers; at best one has pulses of 10-20 ns at repetition rates of up to 50 Hz. Due to
the highly nonlinear character of the interaction, strong focussing is advantageous.
Tonization therefore occurs in a small focal volume, on the order of only 0.1 mm?>.

*Design of Extranuclear Labs., Pittsburgh, Penns. 15238, USA.
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When the laser wavelength can be tuned to coincide with one or more
intermediate resonances, neutral detection with efficiencies of up to several
percent becomes feasible on a CW basis. This method is much more specific, since
it requires the neutral to have absorption lines in the visible or near-UV range,
typically in the range of 350-800 nm. Detection of neutral beams and collision
products with this technique was described recently by Feldman et al. (1977). With
further development, one may expect to be able to perform analysis of the
vibrational and rotational energy distribution of, e.g., dissociation fragments. That
would certainly constitute a major advance beyond just the detection of a
neutral.

Laser fluorescence

As in the resonant multiphoton technique, efficient laser fluorescence detection is
possible only for neutrals having absorption lines in the visible or near UV range.
Efficiencies can be unity for strong absorption lines, even though fluorescent
photon detection in itself suffers from limited acceptance angles and low photo-
multiplier quantum yields. The reason is that thermal energy neutrals spend
long enough traversing the laser beam to permit the occurrence of a large number
of successive absorptions and spontaneous emissions. The limitations of the
method will rapidly diminish with the continued development of powerful tunable
UV lasers.

Calorimetry

Application of bolometers can up till now only be considered as a viable
technique for detection of neutral beams. For detection of small numbers of
collision or dissociation products, the sensitivity still is problematic. Recent
developments of superconducting devices, however, show great promise for the
future (Gallinaro et al. 1978).

Field ionization

The use of field-ionizing tips has been reported to permit sensitive detection of
neutrals (Johnston and King 1966, Woods and Fenn 1966, McWane and Oates
1974). The idea is based on the tunnelling of atomic electrons into the tip material
due to fields of several volts/A which can be obtained around tips of a few
hundred A radius. The ions are accelerated away from the tip into a multiplier.
The method requires cryogenic techniques and ultra-high vacuum, plus the
expertise to construct proper needles.

Auger emission

For neutrals in a metastable state, detection is very straightforward. The
internal energy of the neutral, if high enough, can readily be used to eject an
electron from a solid surface. In such an Auger de-excitation process the neutral
returns to the ground state and the ejected electron is detected in the normal
way.
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5.2. Charged particle detectors

Detection of single electrons and ions is usually performed using one of three
principles:

—secondary-electron multiplication;

— conversion into light by impact on a scintillator or a fluorescent screen, followed
by a photon detector; ;

— electron-hole multiplication in a surface-barrier material or counting diode.
The first is by far the most widely used principle, and will thus receive most of the

attention in this section. The second is rapidly becoming more popular for ;'
multichannel detection schemes employing the relatively easy technique of optical }

read-out (see sect. 5.3). The third is applied rarely, except in cases where high
acceleration voltages (>50keV) are already part of the experimental require-
‘ments, e.g., in the spin analyser (sect. 6). For a bakeable detector using a counting
diode, see Kirschner and Miiller (1976).

Secondary-electron multiplication was applied initially in discrete-dynode
structures (fig. 41); the burst of secondary electrons created by the impact of the

projectile on the first dynode, is focussed from one dynode to the next and thus

gets multiplied. Materials often used are BeCu or AgMg, which have rather high

secondary emission coefficients but are also easily contaminated by exposure to
air or to hydrocarbon impurities in normal vacuum systems. This is one of the ;
reasons, besides its large volume and often poor timing characteristics, that this

type of multiplier has now generally been superseded by the continuous dynode
structure. Only for extreme conditions of very high count rates (>>10° counts/s)
they still find application. A particularly suitable type is that shown in fig. 41, a
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Fig. 41. Schematic of Johnston MM-1 “focussed-mesh” BeCu multiplier. The multiplier features

stable gain, due to low secondary emission coefficient per dynode. Time spread between different

paths through the system of 21 dynodes is kept within reasonable limits (10 ns) due to focussing action
of the cusp-like structures.
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Fig. 42. Pulse-height distribution of Johnston MM-1 multiplier for impact of light ions. The
detection efficiency can be judged by estimating the relative area of pulse-heights below the lower
thresholds.

multiplier which combines a high count-rate capability with a large sensitive area
(5cm diameter). Figure 42 shows typical pulse-height spectra from which the
efficiency can be judged. Absolute efficiencies for ion impact have been reported
recently by Peart and Harrison (1981). ‘

The accepted detector for most applications has now become the continuous
dynode multiplier; the channel electron multiplier (“channeltron”, fig. 43(a)) or
the micro-channel plate electron multiplier (‘“channel plate”, fig. 43(b)). They
feature small size, ease of operation, high and rather stable gain, narrow pulse
width and minimal power requirements. v

Channeltrons and channel plates are basically similar devices. Both consist of
glass channels coated with resistive material, usually vanadium glass or metallic
lead. The end contacts of the channel provide a standing current along the walls
which set up a field to accelerate secondary electrons from one impact to the next
(fig. 43).

(a) (b)

microchannels
e

—
amplified
NN electron
incident |
t
particle outpu
i

amplified
ncident outgut .
particle

Fig. 43. Continuous dynode multipliers. (a) Channel electron multiplier: channeltron; the entrance

funnel is available in several shapes, either circular or rectangular. The inside of the channel is coated

with resistive material, which sets up the field necessary for secondary electron multiplication. Curved

shape in order to suppress ion feedback. (b) Channel plate electron multiplier: channel plate; array of

~10° small channels, each with resistive coating. Often used in cascade of two, with channels at small
‘bias angle, to obtain sufficient gain without ion-feedback problems.
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The difference is the length and diameter of the channel: for channeltrons the
length is between one and several cm, usually in curved form, at a diameter of one
or two mm; the channel plates consist of a closely packed array of thousands of
micro-channels, having 0.5-2mm length and 20-50 um diameter. The typical
channeltron has largely sufficient gain for single-pulse counting: 10°-10%. For a
single channel plate, the gain is only 10° to 10% such that a sandwich of two
channel plates is usually employed for single-pulse counting.

Towards the output end of a channeltron or of the second of a set of channel
plates, the electron density becomes high enough to cause ionization of the
background gas. The ions tend to travel in the direction of the input end, where
they may strike the surface and start a new avalanche. To suppress this after-
pulsing, channeltrons often have curved channels, while channel plates have their
channels at a small bias angle with respect to the surface normal, to allow a
“chevron” mounting of the two plates.

All secondary-electron multipliers produce output pulses with a certain spread

in charge or height. This is due to the statistical nature of the multiplication - |

process. For most applications this is not a problem since the only requirement is
that the major fraction of the pulses exceeds a certain discriminator level.
However, in position-sensitive detection systems (see sect. 5.3) the charge of a
given output pulse from a micro-channel plate is divided up over two amplifiers
and a ratio of the two fractions has to be calculated to find the position
coordinate. The electronics for this calculation accepts only a wide but limited
window of pulse heights. For this application it is therefore advantageous to have
a strongly peaked pulse height distribution. This distribution is exponential for
non-saturated operation of the channel plate, but can be greatly improved by
operating in the saturated mode. This is realized by increasing the gain per plate,
in a chevron mounting, to values around 10%. Then saturation occurs in the second
plate and pulse-height distributions as shown in fig. 44 can be obtained.

The small dimensions of the channels result in excellent time response. Pulse
widths are of the order of 1 ns, and with constant-fraction discrimination (sect. 7)
resolutions of less than 100 ps are feasible. The maximum count rates that can be
handled by channeltrons depends on the resistance of the channel coating and on
the gain required. The high-resistance (10" Q) coatings do not permit higher rates

than typically 10%s, due to charge depletion at the output end. With the lower- ,“
resistance type detectors (10° Q) this limit is pushed to 10%s, provided sufficient
electronic gain is available to get even small pulses to exceed the discriminator %

threshold.

In channel plates, with their 10 Q resistance of the individual channels, the 1

charge restoration time after it has been used for amplification, is roughly 1 s. This
dictates a limit of the average maximum count rate of ~10%/scm? For higher

count rates the pulse-height spectrum deteriorates into a count-rate-dependent §

exponential distribution, resulting in nonlinear response.

Background count rates for channel plates are typically on the order of 1
count/s per cm’ of plate area. For channeltrons the corresponding number is
between 0.1 and 1 count/s. Measurements of the detection efficiency for incident
electrons were performed on single-channel multipliers in the range of 1-50 keV.
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Fig. 44. Pulse-height distribution of cascaded channel plates, for different total voltage across the
cascade (Wijnaendts van Resandt et al. 1978). The peak in the distribution is due to saturation of the
charge available at the exit of the channel for production of an output pulse.

The results depend upon size of the multiplier funnel used and the angle of the
incoming electrons. In the range of 1-50 keV the usefulness of these multipliers
for electron detection has been demonstrated; efficiencies vary from ap-
proximately 95% at the lower energies to 40% at the higher energies. A typical
result of recent measurements for electron impact is shown in fig. 45. One can
reasonably assume that similar numbers apply for the channel plate.

As for detection of ions, recent measurements of the channeltron efficiency for
hydrogen, argon and xenon ions in the 0.1-4 keV range were reported by Fields et
al. (1977). The measurements indicate that ions of varying mass all reach plateau
detection efficiencies in the 50% range for energies in excess of 2keV. In the
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Fig. 45. Detection efficiency of channeltron-type detectors for electrons at different impact energies.

Channeltrons: black dots: absolute measurements from Dstgaard-Olsen (1979); dashed curve: absolute

measurements from Wassmer (1974); solid curve: relative measurements from Archuleta and DeForest

(1971), normalized to 0.78 at 1keV. Channelplates: open and closed squares: absolute measurements

from Wijnaendts van Resandt (1980); open squares: electrons impinge on plate at normal incidence (13°

Wwith respect to channel surface); closed squares: electrons impinge at an angle of 83.5° with the plate (6.5°
with respect to the channel surface).
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range below 2keV, large variations of efficiency with ion mass are encountered.

For an energy of 0.5keV, the detection efficiency is 30% for hydrogen and 40%

for xenon.
It should also be noted that the efficiency for detection of neutrals is quite

close to that for ions down to energies of a few hundred eV. This has been |

established, e.g., by Wijnaedts van Resandt et al. 1977).
Efficiencies for photon detection are discussed in ch. 5 of this book.

A recent review of the characteristics of continuous dynode multipliers is that ]
of Leskovar (1978). A special type of continuous dynode multiplier is the °

parallel-plate multiplier developed by Kanayama et al. (1969) and by Nillson et al.
(1972).

5.3. Position-sensitive detection

With the advent of the micro-channel plate, position-sensitive particle counters
can now be constructed for use in low-energy physics. A number of possible
detection schemes is discussed, followed by some applications. We quote exten- ]
sively from a review of this subject given recently by Wijnaendts van Resandt and |

Los (1979).

After the amplification by the channel plate the éharge cloud initiated by the i

impinging particle must be registered together with its position. A number of
methods exist for the extraction of this information from the detector. These
methods can be divided into two groups:

Integrating or analogue methods, where the charge from the channel plates is
integrated on some sort of target, for example, the silicon target vidicon.* After 1
accumulation the silicon target is read out by means of a scanning electron beam.
Up to now no immediate integration of the charges from the channel plate by the 7
silicon target appears to have been reported. So far there is always a photon step
between the channel-plate output and the silicon target. In order words: the i
channel plate is followed by a scintillator, fiber optics and the silicon target ;
vidicon. This optical step considerably reduces the positional resolution and also ]
introduces a significant background (dark current). An interesting application of }
this method in the field of mass spectrometry is that of Tuithof et al. (1975). Here |
a single channel plate is used in conjunction with a vidicon to record a wide range f
of ion masses in a flash-pyrolysis experiment. Application in an electron spec-
trometer was reported by Fellner-Feldegg et al. (1974). New developments along |
these lines are self-scanned diode arrayst and the utilization of charge coupled }

devices for the combined charge storage and read-out process.

Single event methods. At the moment the technique where each event is regis- 3

tered together with its position seems to have less background and linearity
problems. However, these systems are not yet commercially available and require
an on-line computer for the digital accumulation of the positional distribution. The

**OMA" by Princeton Applied Research Corp., Princeton, N.J. 08540, USA.
T“DARSS” by Tractor Northern Inc., Middleton WI 53562, USA.
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most simple version of the single event method would be to construct a multi-
anode to collect the charges from the channel plates. Then each anode element
has to be connected to a preamplifier and followed by a counter. A computer
could then read out the counters and construct the positional distribution.

- However, it has already been mentioned that the maximum count rate of a

detector is typically 10 kHz/cm? and at this relatively low count rate it is unlikely
that more than one anode is active at the same time. Therefore a natural
development is a system, which requires less preamplifier/counter systems and
which consequently only will work for one particle at the time. Many of such
systems have been described in the literature. There are several electronic
methods of coding the positional information onto the charge pulse and there is,
at the moment, one physical method. An electronic method is the resistive anode
(Lampton and Paresce (1974) and Parkes et al. (1974)). For example in the case of
a one-dimensional read-out system this consists of a resistance strip, which forms
an R-C line. The R-C line has the property that the decay time of the charge
pulse depends on the position of excitation of the R-C line (Mathieson et al.
1974). High resolutions (~50 um) have been obtained with these systems. One
channel plate manufacturer delivers the complete assembly of two channel plates
and a resistive anode collector.* A disadvantage of the resistance method is that
the pulses can become quite broad in time (0.5-5 us) which makes the system
quite sensitive for pulse pile-up, especially at relatively high count rates (=2 kHz).

Another electronic dissection method is to have a set of discrete anodes, all
connected to each other by means of a capacitor. The principle is given in fig. 46
for one- and two-dimensional read-out systems. The major advantages of the
capacitance systems are that the anode configuration can be made to fit the spatial
application (such as rings, lines, segments, etc.) and that the charge division takes
place during the relatively short rise time of the charge pulse (=10-100 ns). This
shorter response time allows the detector to be used at somewhat higher
frequencies (=10-50 kHz).

Owing to the charge spreading between the last channel plate and the collector
more than one anode may be excited. A detailed analysis (Gott et al. 1970) has shown
that one detects the position of the “center of gravity” of the charge cloud and, in
principle, resolutions better than the distance between the anodes can be obtained. It
is found that, if the distance between the channel plate and the collector is equal to
two times the size of the anode strips the voltage can be adjusted, so that the charge
cloud spreads between two to three anodes. In this way the anode structure cannot be
seen in the positional distribution.

A system as shown in fig. 46a, containing two 70 mm diameter channel plates, is
employed by Novak et al. (1980) in an experiment on photodissociation of
molecular ions. Van Hoof and Van der Wiel (1980) use a ring-shaped array of 40
anode segments for simultancous detection of the azimuthal distribution of
Photoelectrons transmitted through a CMA (fig. 36).

*Galileo Electro-Optics Corp., Galileo Park, Sturbridge, Ma 01518, USA.
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Finally, it is possible to connect the anodes to a delay line as is done for
example in multiwire proportional chambers (Gabriel et al. 1978). This method is
not yet in general use with channel plates, probably because of the relatively large
al size of the common delay lines with respect to the channel plates.
Systems which use delay lines should be especially suited for high count rates.

A physical dissection method which has been developed is the 4-quadrant
charge-sharing detector. This detector is schematically depicted in fig. 46(c). The
anode is shaped into four quadrants and owing to the relatively large distance
between the last channel plate and the 4-quadrant collector the charge from a
single event is shared by the four quadrants and the ratio of the charges on each
quadrant is a measure for its position. This detector gives two-dimensional
information and has a nonlinear response. The advantage of the physical charge
sharing is that it is a noise free and potentially fast method. A recent theoretical
analysis shows that it is capable of excellent positional resolution (Mathieson
1979).

The principle of fig. 46(c) has been used successfully in a small-angle ion—atom
scattering experiment (Wijnaendts van Resandt et al. 1976). In a full angular
scattering range of 0.3° a resolution of 0.01° was obtained. For a differential
scattering experiment over a wider angular range (1-10°), a multiwire detector
according to fig. 46(b) was constructed recently (De Vreugd et al. 1980). The wire
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For that reason we will briefly treat the transport of spin-polarized electrons ’

and the measurement of the degree of spin polarization. At the end of this section |
some attention is paid to spin-polarized atoms. ‘

6.1. Transport of spin-polarized electrons

Before going into details on the transport of spin-polarized electrons we first give
a few definitions: The degree of spin polarization P of an ensemble of electrons, }
defined with respect to a suitably chosen quantization axis, is given by: '

P=(NT"-NIY(N1+N), (1) |

in which N1T and N| are the numbers of electrons with “spin-up” and 1
“spin-down”, respectively. A beam is longitudinally polarized when the polariza- §
tion vector is oriented along the direction of propagation of the beam. The k

necessary to rotate the polarization vector such that it suits the polarization ‘.
analyser. o

The influence of electric and magnetic fields on the orientation of the spin §
vector is the following (Kessler 1976): 4

(1) In the nonrelativistic limit electric fields do not change the orientation of 3
the spin in space. However, due to the fact that electric fields change the 1
trajectory of the particles, the orientation of the spin with respect to the trajectory
changes. This is illustrated in fig. 47(a). It shows that a 90° spherical (energy) }
analyser can be used to transfer a transverse spin polarization into a longitudinal 3
one and vice versa. For electron energies of the order of 10keV and larger "‘
relativistic effects become important; the deflection angle required to change
transverse polarization into longitudinal now becomes: V'

@ = ym/2, in which y =[1—(v/cy] 2.

(2) In a magnetic field the electron moves in a helical orbit with the cylotron §
frequency w:

® = eBfym . (62)

The spin of the electron precesses about the field direction with a frequency w,
equal to:

@y = (8/2) eB/ym, (63)

in which g = 2.00232. Because the difference between wp and o is small, the angle
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Fig. 47. Behaviour of the electron spin in various electric and magnetic field C(;nﬁg}lrzz;lorlls. (z;) 1(?))9&
ctros izati i tudinal one.
i i € polarization of a beam into a longi :
electrostatic deflection field transfers a transvers 1 of a et
i i i i f the electron spin with respect to the elec
a magnetic deflection field the orientation o he e .
does iot change. (c) A Wien filter can also be used to transfer a transverse polarization of a be‘am into
a longitudinal one (and vice versa).

between the velocity vector v and the spin VCCtOI'.P 'remains un.changej; E;ov(l:c(l;c}
the total number of revolutions is small. ThiS'IS 111ustra§ed in fig. 47( .d o
sequently transverse and longitudinal polarizations remain transverse an
itudinal, respectively. . o
g (3) An elegant way to transfer a longitudinal polarization into a iransv;}zrse. (;2:
and vice versa is to apply a Wien filter with a length a length L —fTer (;),SUCh
sect. 4.2.5 and fig. 47(c), and for example Granneman et al. (197?). O cou(rzs6) uch
a Wien filter can simultaneously be used as an energy analyser; see eq.
table 1. ‘
From the analysis given above it is clear that as far as the control ofl Ssp;z
orientation is concerned only magnetic stray ﬁelds.are potentially ccllflrtlgezgl in "
case a polarized electron with energy E (expressed in eV) travc?ls a dis anth'S Ina
stray magnetic field B making an angle ¢ with the electron spin vector, this sp
vector precesses about B over an angle ¢ equal to:

64
&= (e2m)(BYE")sin ¢ . (64)

From eq. (64) it can be seen that there are several ways to limit thisfp;le(;es}sllolrtlzz
obvi i etic stray fields by means of Helmho
the most obvious one is to reduce the magn tra; ‘ Lelmhol?
i ieldi ides that it is advisable to accelerate
coils and/or mumetal shielding. Besi rate
electrons /to high energies E in between the source and the detector. In principle a
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third possibility is to transfer the polarization into a longitudinal one and to apply
a large magnetic field along the electron trajectory; i.e., sin {—0. Because these
large magnetic fields are likely to produce large stray fields in other parts of the
experiment this latter method is usually not applied.

6.2. Analysis of spin polarization

It is inherently impossible to split a beam of unpolarized free electrons into two
polarized beams with opposite spin polarization by means of macroscopic fields

(Kessler 1976). In this respect (free) electrons behave fundamentally different

from atoms where such a splitting leading to spin-polarized atoms is possible by

for instance an inhomogeneous magnetic field (e.g., the well-known Stern-Gerlach

set up). For that reason the determination of the degree of spin polarization of
free electrons is inherently difficult. All methods known at the moment rely on
spin dependent forces present in some selected scattering processes. When
electrons are scattered by heavy atoms it can be shown that under certain
conditions the coupling between the spin of the free electron and its angular
momentum (LS coupling in the continuum) becomes sufficiently strong to cause
an asymmetry in the scattering process for equally large positive and negative
scattering angles. The most frequently used spin analyser based on this principle is
the so-called Mott detector, named after Mott (1929); see fig. 48.

The electrons to be analysed are accelerated to an energy of the order of
100 keV and directed to a thin gold foil where the scattering takes place. In case
the electrons are transversely polarized these spin dependent forces cause a
left-right asymmetry in the intensities of scattered electrons in the plane per-
pendicular to the polarization vector. This asymmetry depends on the so-called
Shermann number S (Shermann 1956, Holzwarth and Meister 1964), which
characterizes the analysing capabilities of a certain combination of foil material,
foil thickness, scattering angle and electron energy. S is defined as the degree of

[orzeorrerroorarzs %
; 1} oo !
“ r-FOIL i
— S ® @ @ @ @ @ @
e P
E E BEAM
. MONITOR
% j RIGHT DET.
’ d d
,,,,, 100 kV
100 keV
ACCELERATOR =

Fig. 48. The most commonly used electron spin analyser: the Mott detector (for details, see text).
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spin polarization which is obtained when Iinitially unpolarized electrons are
scattered by the foil under the above specified conditions. An electron beam with
a degree of spin polarization P leads to an asymmetry in the count rates equal to:

N /Ng = 1+ PS)/(1-PS), (65)

in which N and Ny are the count rates on the left and right detectors,
respectively. Of course, a high value for S is advantageous for the analyser. S
increases with electron energy (up to 200 keV); how'ever, the large angle scatt.er-
ing probability decreases with energy. Thicker' foils lead. to larger scattering
intensities I; however, S decreases due to multiple scattering. It can bze shovyn
(Kessler 1976) that the optimum situation is obtained when the product S°I ha§ 1Fs
maximum value. This leads to a design with the following characteristic
parameters: foil: gold with a thickness of 150-250 pgr/cm?, usually evaporated on
a low Z material (e.g., 40 pgr/cm? Formvar); scattering angle: 100—125°;.electron
energy 80-120 keV and S =0.20-0.25. It is clear that a Mott det_e;:tor is ?4 very
inefficient type of detector; the efficiencies usually vary between 107 and 10™*. For
the determination of S for a particular experimental arrangement we refer to Van
Klinken (1965, 1966) and Kessler (1976).

There are several pitfalls which can make this type of analyser hard to handle.
In the first place it is important to use detectors which are able to analyse the
electron energy. This means that unwanted electrons entering the detector after
one or more collisions with the walls, which in most cases leads to energy loss-and
certainly to loss of all spin information, can be rejected. For that reason usually
silicon surface barrier detectors are applied. '

In the second place it is very important to determine which part of the
asymmetry is due to the physical process under stu(.iy and which .part to
geometrical effects and different detector efficiencies. This can be done in three
ways: '

(}i) The complete set-up of foil and detectors is rotated about the direction of
the incoming beam (Van Klinken 1965, 1966). -

(2) The polarization of the light is changed in sign. In the visible and soft UV
wavelength region this can be done by means of polarizers and quarter wave plates
(Heinzmann et al. 1970, Granneman 1976). '

(3) The polarization of the electrons is changed from +P into —~P by means of
a spin rotator such as for instance a Wien filter (fig. 47(c)). o

In case experirﬁents with VUV or X-ray photons are done the latter possibility
seems the most practical.

An elegant, small size, set-up is described by Hodge et al. (1979). The scatters:d
electrons are decelerated to a few keV and registered by a detector at a potential
close to ground. Discrimination against unwanted electrons, which have lost energy
is ensured by the retarding potential barrier. '

Apart from the 100 keV Mott detectors_at. present several experlmentg are
being performed to investigate the potentlah'tles. of gold and tungsten single
crystals as scatterers in low-energy spin polarization analysers. The low-energy
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electrons (10-200 eV) are scattered in UHV by the single crystal and produce the
well-known LEED patterns. Owing to Mott scattering a transversely polarized

the polarization analyser. Pierce et al. (1977) claim an efficiency of about 102, The
S-factor is expected to be at least equal in magnitude as those obtained with
“normal” Mott detectors (Feder et al. 1977, Kalisvaart et al. 1978, Kirschner and
Feder 1979).

It has recently been found that the spin dependence of the secondary-electron
yield can be used to determine the degree of spin polarization (Pierce et al. 1981).

6.3. Spin-polarized atoms

A spin-polarized atom is an atom in which the outer electron(s) is(are) spin-
polarized. Beams of spin-polarized atoms can be produced by means of in-
homogeneous magnetic fields such as present in, for instance, the Stern-Gerlach
arrangement. They are also produced when unpolarized atoms interact with

transitions of the atom (optical pumping). ,

As for the transport of these atoms, their electrical neutrality makes it im-
possible to focus them by means of the usual electrostatic and magnetic lenses.
Very weak focussing is possible when atoms are sent through strongly in-
homogeneous magnetic fields (e.g., six-pole magnets, Hughes et al. (1972)).

Magnetic stray fields are much more dangerous for spin-polarized atoms than
for spin-polarized (free) electrons: the precession frequency of the bound atomic
electron is equal to that of the free electron while its velocity is determined by the
atomic kinetic energy and thus by the atomic mass; see eq. (64).

Polarized atoms (alkalis) can in principle be detected with efficiency unity.
Again Stern-Gerlach types of inhomogeneous magnetic fields are used to select
spin-up or spin-down polarization. An example of such an analyser is described by
Rubin et al. (1969).

7. Coincidence techniques

7.1. Principles

If two, or more, single-particle detectors observe particles originating from the
same interaction center, much more detailed information on the physical process
can be obtained, in case their signals contain more than just uncorrelated or
random counts. A certain fraction of the counts may be time-correlated since the
corresponding particles arose in one interaction event and, having well-defined
passage times to their respective detector, arrive with a well-defined time
difference.

As an example, consider fig. 49. A photon beam strikes a molecular target AB
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Fig. 49. Example of a photoionization experiment, with coincidence detection of two particles, ions
and electrons, using the straightforward time-to-pulse height conversion scheme.

and creates both photoelectrons and photoions. D.etector‘ 1 observes a larg+e
number of photoelectrons connected with the crejatlon of ions other than Af,
while detector 2 records many ions correlated with other photoelect‘rons than
those having the specific angle and energy seen by 1. However, a_fractlon,of the
counts on each detector arises from events hv + AB— A* + B +e” and thprefore
exhibit a specific time-correlation. Coincidence .det.ection is the tfechnu?;::t ::;
distinguish the number of time-correlated events in signals 1 and 2 from
the accidental or random “background”. o .

Given two detector signals, how does one arrange a comc1den§e measurerr}ent.
The most straightforward method is the application. of a tlme-to-amp.htudeE
converter (TAC). This is an analogue device which prov1d§:s'a linear conversion o
the time difference between a start pulse and the first-arriving stop pulse (ﬁg. 49)
into the height of an output pulse. Those pulses can then be stored f:onvgnlentl:y
in a pulse-height analyser (PHA), which accumulates a spectrum dl.splaymg t. e
time-correlated events or true coincidences on a backgrognd of acc@ental coin-
cidences (fig. 49). It should be mentioned that recently digital alternatives .for the
TAC have become available with resolutions close to one nanosecond; tl.lese
provide directly the time-difference between two pulses as the number of periods
of an internal clock, and thus the address of the count. ' .

Figure 50 gives more details of the coincidence spectrum. The total width is (; tal
of the (adjustable) time-window 7 of the TAC, while a dglay may be use tho
Compensate unwanted long time differences. The rate of accidental counts in i
total window 7 is given by R, = Rt RtopT, where.RStart and R, are the coun
rates on detector 1 and 2, respectively. The accidental counts are randomly
distributed over the window. The spectrum of fig. 50(a) with its flat backgrot{nd
represents the most common situation, corresponding to all those cases for which
the rate of true coincidences R e <€ Ry and RopT < 1. . . .

If these conditions are not satisfied, the spectrum is less simple. Firstly, if the
rate of true coincidences is not a small fraction of the start rate, the background
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t=0 tsturt

f:o t

t, t

start stop

Fig. 50. Different forms of coincidence spectra. ¢ = 0 indicates the time of the e

particles are created. A fixed delay is used to adjust the time-window of a time-to-pulse height

converter (fig. 49) to the relevant part of the time spectrum: (2) spectrum for |

spectrum for true coincidence rate larger than the total background rate;
: rate (see text).

random counts beyond the peak, or counts on a second peak, are likely to get lost

due to a true stop pulse. Secondly, if the probability Ryop7 is not very small, the
background has an exponential behaviour (fig. 50(c)); a “late” stop pulse may not
be recorded due to the non-negligible integrated probability of all earlier stops.
The situation sketched in fig. 50(c) requires that a dead-time correction be made
for the height of the true peak, by a factor eXP[Ryiop(tstare — tup)]. A detailed
treatment of the distorsions of TAC Spectra was given recently by Coleman
(1979).

It should be noted that, if R, < Rop, the dead-time problem can be alleviated
by exchanging start and stop signals. Of course this requires changing the delay
unit in the new stop channel to a value of about (Fsare + 7).

vent in which the two

OW count rates; (b)
(¢) spectrum for large stop
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Let us now consider, how is the number of true coincidences opt}fune(:idanc;
hiceh factors affect its accuracy. A proper fit to the backgggl(lél)d ondel(t )er ps;r:; i(:s
M i icati f figs. and (c),
tions as those of fig
eak, allowing for complica ) ) ‘
.thteergolation of the background and subtraction from the total c01111nt. IF dltShOb;'Il(t)}l::
0 i i depends on the wi o
i this measurement dep
the statistical accuracy of
th ate” peak. The narrower the peak, the smaller the number of backg;oum:
t:ﬁlts to be subtracted. Factors determining the'w1(%th, apart from inheren
COntributions due to lifetimes or initial velocity d1str1but10.n, are: o,
* flight-time differences between different points of the interaction center:;
—differences in trajectory length in analysers (and lenses);

— electronic jitter. ' . N
Since collision centers in practice have dimensions of the order of millimeters, the

o . . .

first factor contributes a spread in time-of-flight ranging fr(ém fless lt:;?i Cgﬁy
to several tens of nanoseconds for e

nanosecond for fast electrons ) or clectically

i I microseconds for thermal energy . '

extracted ions and up to severa ! . 1 b ot

i ion field the particle with the longer flig ,

be noted that in an extraction : o et ad e

i tion center) gains more extractio '

from the far end of the interac r ‘ mo o focusne et

i th. Using this principle, ‘“‘time-fo g
hus make up for its longer pa .

Zan be designed which cancel the time-spread at the detector to first order (see
ct. 4.5). ‘ '
~ As reiards the time-spread in electron analysers, at low pass energy an(il_3 w;c(i)cre

acceptance angle, this factor can easily contribute as much as 10 ns or more.

+

+
FAST FAS II ‘ ]
SLO_= ;Lo_ _ :

DOUBLE WIEN FILTER

DOUBLE
HEMISPHERICAL
ANALYSER

Fig. 51. E les of double-analyser arrangements in which the time-of-flight spread is cancelled.
ig. 51. Exampl -
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NO TIME SPREAD

DISCRIM.
LEVEL

"CONSTANT-LEVEL”

“CONSTANT-FRACTION"
DISCRIMINATOR

DISCRIMINATOR

Fig. 52. Two different schemes for discrimination of detector pulses. The ‘‘constant-level”

independent of their height.

some applications, it may be worthwhile to consider the use of two analysers in
series for the purpose of cancelling this time spread. Examples of this principle

are given in fig. 51.

Finally, the electronic jitter should be kept to a minimum. The main source is

that arising from transit time spread in the detector and from discrimination of

detector pulses with a wide range of pulse heights; see fig. 52. The simple 9

“constant-level” discriminator introduces a time jitter of up to the width of the
pulse’s leading edge. For timing purposes, it is advantageous to use ‘“‘constant-
fraction” discriminators, i.e., timing devices which trigger at a constant fraction of
the pulse height. This solves the time-spread problem to the extent to which all
pulses have equal shape and a pulse maximum with a fixed time relation to the
particle impact time. Time spreads of the order of nanoseconds are possible with
channeltron multipliers, while for channel plates resolutions of less than 100 ps
have been reported (White et al. 1979).

With these precautions, overall time-resolutions of a few nanoseconds (Cve-

janovic and Read 1974, Guyon 1979) and subnanoseconds (Hink et al. 1980) have
been obtained in coincidence experiments.

7.2. Data storage

In various applications, the TOF spectrum contains details of relevance for further
analysis, e.g., if several peaks occur or if the shape of the true coincidence peak is
representative for a lifetime of the process, or for the distribution over initial
particle velocities. For those cases, one chooses to store complete TOF spectra for
different settings of some experimental variable, and to perform data manipula-

scheme §
introduces a time-spread depending on the pulse-height distribution. In the “constant-fraction” 3

scheme this spread is greatly reduced. The spread cancels completely for pulses of equal shape, 3
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i i ace.
:on afterwards. Obviously, this requires a large amount o(f1 memor;;V iil;:h )y
e wever, it frequently happens that, once the proper shape an I?arrowted th of
e e-coincidence peak have been established, one 1s no .longer interes . f
. tfue All that is relevent then is the number of true coincidences as a functli).r:'o
Shape .experimental variable such as photon energy, and preferaply in rf}:lpe dl 1t\;e
Son;s of that variable. For such cases, a simple hardware solution to tde athe
s:arage problem exists (fig. 53). Two single-channel anagys/ers (SC;%) r: tlv(i:re)dow
A +n n
; SCA selects counts (Riue 7 Mace
output to two numbers; one : . ’
TAEnd tp while the second passes an appropriat¢ portion (niee) oi tthe
tops " ) i
;I;:;kgroursl(g counts. Data accumulation is now reduced to tbe storzige (21 Wz”
umbers per setting of the experimental variable. When using an “up- t())er -
M !
. ter, to perform the subtraction (fuwue + Mace ~ nacc'), one ha.s only one num. 1o
ore I:Iowever this goes at the expense of the information on the statistica
store. )
t. 7.3).
racy of the number . (s€€ S€C ' .
aC(\:;&l’heg storing the two numbers, one can even adjust tLle window on fS(t:h/z % ‘;g
i i der to equalize the accuracy o
wider than that of SCA 1, in or | |
lr)flmbers One of the difficulties one may encounter when us1(111,<ir1 thetsystve;?do;rg%s
) . - K a
i i ' tive widths of the two SCA’s and how to
53 is how to calibrate the rela . oW o A e on
i 1 i ticularly serious for cases with sm
t the width. This problem is par _ / on
Z large background, the true rate then being the small difference of two larg
umbers. R o .
" To solve this problem, a different approach exists, v(;/hlch is thittp?lft ::125 2
ircuit wi “and” e units which produce one o 1]
circuit with fast “‘and”-gates. These ar ne ot P
arri inputs simultaneously. The require :
two pulses arrive at the two np : ousl e ustabic) fime
ity i i ding edges coincide within : '
neity is that either the two lea dge n e
ﬁalterv);l or that the two pulses overlap in time for at least a minimum t:rr:i :/time
The lat’ter system is the most common, and for that ‘type'of c1rcu1f s ot
resolution is adjustable simply by varying the pulse width in one o
channels.

Ntrge* Mace

DET 1 ‘ START
€ PHA |—

T *smrt : tsmpi : : !

A — ¥

C SCA1 SCA 2
DET 2 DELAY STOP

L SCA T " Nye + Ny
SCA 2 —» n;

acc

tem which requires storage of only two numbers, instead of a

Fig. 53. Coincidence data handling Sysrum per setting of an experimental variable.

full coincidence spect
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Dtrue *+Nace +Noge

Ll

Fig. 54. Equivalent of system of fig. 53, using fast “‘and”-gates (see text for description).

The and-gate equivalent of the single-channel analyser circuit of fig. 53 is shown
in fig. 54. The proper settings of the two delays can be established by scanning i
delay 1 (with delay 2 removed) to obtain a spectrum like those of fig. 50 at the
upper output. The set-up works as follows: The output of the upper and-gate |
produces the sum of (Ptrue + Maee) and nl., where each number has been deter- |
mined with exactly the same time resolution, since the pulses corresponding to th
two delay positions passed through the same discriminator* and and-gate. The:
lower and-gate samples the total number of coincidences and passes only those §
related to delay position 2. This does not require a precise setting of the time3
resolution 7, of the lower gate; it should only be slightly larger than ,.

Again one has a system which requires only two registers to store its output, ;
and to obtain the number of true counts and its statistical accuracy by simpl
arithmetic. The system completely solves the time-window drift problem and is §
capable of handling higher count rates than an SCA with its inherent dead-time. |

In both systems, however, dead-time corrections become necessary for con-f:
ditions under which the coincidence spectrum exhibits a measurable slope; see fig. ef
50(c). The corrections are similar to those given in sect. 7.1. In the SCA system g
they involve exponentials of the time difference (tstop — Lyart) fOr correction of the §
peak height, and exponentials of the time difference between the two windows for |
correction of the background. In the and-gate system, on the other hand, no?l
correction is needed for the peak counts, while for the background only the
window width contributes, as no stop events occur in the time between the two |
windows. »

This is the reason the system of fig. 54 has been used extensively in the |
high-count-rate experiments of Van der Wiel (1973) and of Brion (1975).

*Care should be taken to avoid rate-dependent width effects for two closely-spaced pulses.
Discriminator units with pulse shaping by means of coax cables are free from these effects.
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A similar and-gate system for coincidence detection f)f three si'gnals has been
devised and used sucessfully by Backx et al. (1973). Obv1.ously equivalents Olfl such
a system using SCA’s are conceivable. Tbe scope of. this work does not allow a
detailed description of these rather complicated circuits.

7.3. Statistical accuracy

In the evaluation of the statistical accuracy of a number of true coincidences, we
wish to recognize the influence of various factors:
—the width w of the coircidence peak;

—the total measuring time T, '
- a parameter I, on which both detector rates depend linearly, such as photon

f the two.
flux or target-gas pressure or products o twe .
Now the number of true and accidental coincidences can be written as (assum-
ing the inherent detector backgrounds are small):
66
ntrue =a I T’ ( )
Roce=bWI* T, (67)

where a and b are constants fully determined by the physics of th_e process, for a
given overall efficiency of the instrumental arrangement (opening angles, and

“analyser and detector efficiencies). The factor w in eq. (67) represents the linear

dependence of the accidental rate on the window required to record the full true

P i i i lated numbers:

Experimentally n.q. is obtained as the difference of two uncorrela | numbers
Miue T Mace— Moo for the system of fig. 53, and  nygye+ Mace + Aice— .na?c—l
Pirwe T Hace — Moo fOr the system of fig. 54. Therefore We'ﬁI'ld for the §tatlst102:i
accuracy = (Myye + 2Hae)'? (since n,e = nl.. within the statistical uncertainty) an
for its relative value:

Antrue/ntrue == (ntrue + 2nacc)1/2/ntrue . (68)
Substituting eqgs. (66) and (67), one easily arrives at:
Ao/ e = = (1/a)NV YT 2bw + a/T)? . (69)

This expression shows the usual dependence on T; it also pfarmits thg evaluatlor;
of the gain in statistics for a certain reductiqn in w optamed by mstrument;
improvements (see sect. 7.2). A rather interesting point is th§ dependence on I:
the relative accuracy improves for increasing I, up to a point where the term
2 =

brvIv'h1>s tilélicontrary to what one would expect on the'basis of thfe commc.)nl.ydused
criterion of “peak-to-background” ratio (P/B). Since P/B in a coincidence

Spectrum like fig. 50(a) would be defined as
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PIB = Nyye/Noee = a/bWI, (70).
we find that P/B decreases for increasing I So, paradoxically, a good P/B at low |
values of I gives worse relative accuracy than a bad P/B at high values of I It is |
always advantageous, therefore, to use the maximum possible I, even at the |
expense of apparent peak-to-background ratio! 1

The limitations on the parameter I can be of quite varied nature. Practically §
always one will choose to work at, e.g., the maximum available photon flux and/or |
the maximum allowable target-gas pressure. However, one of the detectors may j
saturate or can no longer produce individual pulses for each incident particle. For ]
channeltrons and channel plates saturation rates are between 10* and 10° counts s~ !
(per cm? for channel plates); for some discrete-anode multipliers saturation is not ]
the problem, but individual detector pulses will begin to merge into one another §
at very high rates, e.g., at 107 counts s™* for 10 ns wide pulses.

Note added in proof

This review was submitted in December 1979, and does not cover articles published
later.
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