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Chapter 1 

Introduction 

In the last few decades, research on surfaces and interfaces bas grown to a mature 
bra.neb of science. Subject of surface science is the study of processes on or proper
ties of the interface between two media. The knowledge obtained can be fruitfully 
applied in va.rious technological fields such as microelectronics, micro precision me
chanics and heterogeneous catalysis. This thesis mainly concentrates on the surface 
analysis by means of ion scattering spectroscopy. The applications discussed will 
be on the solid-vacuum interface. 

The insight bas grown, that for the understanding of many surface related prob
lems, properties which are known from bulk physics cannot directly be extended 
to the surface. 

It can easily be apprehended, that there will be a difference between bulk and 
surface atoms. In the bulk, with~ut defects, an atom is fully surrounded by neighbor 
atoms and it is in equilibrium with its neighbors. If a surface is being made, for 
insta.nee by cleavage of a crystal, honds of the atoms in the cleavage plane with part 
of their neighboring atoms will be broken and the equilibrium will be disturbed. 
Breaking the honds between atoms costs energy; the surface contains extra energy, 
the surfäce energy. 

Because of the disturbance of the equilibrium of the bulk atoms, it is not likely 
that the freshly cut surface is in the energetically most favorable state. The surf ace 
atoms will rearrange, so that the surface energy will be minimized. Three processes 
by which this minimization of the surlace energy can take place will be mentioned. 

Firstly, the surface energy may be lowered by an alteration of the distances 
between the surface atomie layers. This so called surfäce relaxation is for example 
observed in NiPt alloys, where the distance between the outermost and the second 
layer is diminished by 19% [1]. 

Secondly, it is possible that in each of the first few surface atomie layers the 
relative positions of the atoms are changed. This is called surface reconstruction. 
An example of surface reconstruction can be found in the Si(lll) surface, where 
the lattice constants of the surface unit cell are enlarged sevenfold. 

The last process of surface energy minimization to be discussed here is surface 
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segregation. In a binary alloy, for instance, the surface composition can differ ap
preciably from the bulk composition, depending on the differences in surface energy 
of the two components. Surface segregation can only be realized at temperatures 
sufficiently high that the atoms readily diffuse but not so high, that the entropy 
washes out the effect. Surface segregation has been observed in many metal al
loys. A vivid example is the surface segregation in CuNi alloys [2]: even at a bulk 
composition of 50% Cu and 50% Ni, the surface at 400 °C consists for 97% of Cu. 
Another example of surface segregation can be found in chapter 5 of this thesis, 
where the segregation of sulfur in CuPd alloys is discussed. 

The surface of a sample is always exposed to influences from the environment, 
for example to oxidation. In studies of clean surfaces, this influence should be kept 
as low as possible in surface analytica! measurements. Therefore, most studies 
on surfaces, for which well-defined and carefully prepared surfaces may be used, 
are done in ultra high vacuum (UHV) systems. At sufficiently low pressures, the 
contamination of the surfaces by the environment can be maintained below an 
acceptable limit for the time the investigation requires. 

Modern surface science has only become possible by the development of ad
vanced vacuum and analytica! techniques. Each analytica! technique has its own 
advantages and drawbacks, and brings a specific kind of information. A satisfactory 
characterization of a surface can only be obtained from a combination of different 
analytica! techniques. 

In most commonly used surface analytica! techniques information about the 
surface is obtained from the interaction of a primary beam of particles, consisting of 
ions, electrons or photons, with the surface. As a result of the interaction secondary 
partides may be released. The information depth of an analytica! technique is the 
depth in the sample from which information is obtained. This information depth 
depends on the mean free path of the ingoing or detected particles in the sample. 
For a true surface analysis the information depth should preferably be restricted to 
a few outermost atomie layers, because it is there that most of the surface effects, 
like for example surface segregation, are manifest. Such a technique, with an 
information depth of one or two atomie layers, is low-energy ion scattering (LEIS). 

In LEIS, the surface is bombarded with inert gas ions at a low energy (0.1-
10 keV). These primary ions can be scattered from the surface atoms, and lose a 
certain amount of energy, depending on the mass of the surface atom involved in the 
scattering. The energy of the scattered ions is analyzed. In this way, information 
about the elemental composition of the surface can be obtained. By considering 
the direction of the scattered ions, it is possible to determine the surface atomie 
structure on a short range scale. The high neutralization probability for the inert 
gas ions, and the fact that only scattered ions are analyzed give LEIS the extreme 
surface sensitivity; the probability that ions are scattered from deeper atomie layers 
without being neutralized is very small. Moreover, atoms in deeper layers may lie 
within the shadow of the atoms in the outermost layer and may not be reached by 
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the incident ions. Low-energy ion scattering will be discussed in more detail in the 
next chapter. 

The information on a surface obtained by LEIS can be nicely supplemented 
by low-energy electron diffraction (LEED). In this technique, the primary beam 
consists of electrons having such an energy, that their deBroglie wavelength is in the 
order of the interatomic distance of the sample. By studying the obtained electron 
diffraction pattern, which is an image of the reciprocal lattice of the surface, the 
structure of the surface on a. long range scale can be determined. By analyzing 
the di:ffraction spots in detail, which is done in spot proflle analysis LEED (SPA
LEED ), the presence and dimensions of steps and terra.ces on the surface can be 
detected. 

The work on LEIS which is presented in this thesis can roughly be divided in 
two parts. The first part deals with the further development of a new ion scattering 
apparatus. In the conventional way of doing LEIS many separate measurements 
are required to determine the elemental composition and the crystal structure of a. 
surface. Since the primary ion beam used for a LEIS analysis in principle always 
leads to damage to the surface of the sample, the total ion close required for a 
complete analysis should be kept a.s low as possible. This was the starting point 
for the development of an energy and angle resolved ion scattedng spectroscopy 
(EARISS) apparatus, which was started by Brongersma and Hellings in 1982. With 
this apparatus, it is possible to determine the composition and structure of a. surface 
in one single measurement, by making an eflkient use of the scattered ions. Roughly 
speaking, the analyzer, which was developed by Hellings et al. [3], makes a two
dimensional image of the scattered ions, depicting the compositiona.l information in 
one direction, and the structural information in the other. The readout of the ions 
leaving the analyzer is being done by means of a two-dimensional position sensitive 
detector. The largest part of the research done on the EARISS-equipment, focuses 
on the implementation of this detector. The rnea.surernents have led to promising 
results. 

The second part of this thesis deals with the quantification of atomie surface 
compositions by aid of LEIS. The problem of quantification lies in the unknown 
neutralization probability of inert gas ions. This neutralization probability depends 
on the oombination of ion and surface atom -and possibly on the electronic struc
ture of the surface-, implying that the sensitivity of LEIS varies with the element. 
Two methods to overoome this problem have been developed. These methods will 
be described. 

The contents of this thesis can he summarized as follows. After this introduc
tion, an explanation of the physica.l principles of low-energy ion scattering will be 
given in chapter 2. 

Conventional setups for LEIS will he described. The third and fourth chapter 
deal with the work clone on the EARISS-apparatus. The first simultaneous energy 
and angle resolved measurements (chapter 3, [4]) showed that further research 



6 References 

on the detection unit was necessa.ry. In the fourth chapter, a description of the 
equipment will be given, together with a detailed discussion on the principles of 
operation of the detector and a presentation of the measurements clone with the 
EARISS machine. The last two chapters (5 and 6) contain a presentation of two 
different methods to determine atomie surface compositions reliably by means of 
LEIS. These two chapters are reprints of two recently published papers [5, 6]. 
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Chapter 2 

Low-energy ion scattering 

2.1 Introduction 

Low-energy ion scattering (LEIS) is a surface analytical technique that can be 
used to determine the composition and structure of a solid surfa.ce. Information 
hereabout can be deduced from the energy loss of ions scattered from surface 
atoms. For this purpose, ions with a fixed energy are directed onto the target, 
and can be scattered from the surface atoms. The energy loss involved in the 
scattering process depends on the masses of the atom and the ion, and on the 
scattering angle. Since the ion mass, the scattering angle and the energy of the 
incident ion are known from the setup of the experiment, the mass of the atom can 
be calculated once the energy after collision is measured. This yields qualitative 
information on the elemental composition of the target surface. Due to the high 
neutralization probability of inert gas ions, the conditions can be chosen such that 
the compositional information is limited generally to the outermost atomie layer. 
This bas been shown by Brongersma and Mul [1 J in an experiment on Si. A 
spectrum of the Si(lll) surface showed only a Si peak. After adsorption of one 
monolayer Br, covering the surface completely, only a Br signal was measured, 
indicating that there is no contribution of deeper layers to the LEIS spectrum. 

The sensitivity of LEIS varies with the element. Amongst other things, the 
neutralization probability depends on the specific ion-atom combination. Since 
a theory to predict these sensitivities accurately is not yet available the signal 
measured from a eertain atomie species eannot directly be related to the quantity 
of that element in the surface. Two quantitative experimental analysis methods 
are presented in the chapters 5 and 6. 

Beside the ehemical eomposition, the structure of a surface on a short range 
scale can be determined by LEIS. This will be discussed in· a separate section. 

This chapter will conclude with a section on different experimental setups which 
can be used for low~energy ion scattering. 
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2.2 The collision of an ion with an atom 

The binary collision model. 
An analytical expression for the final energy of an ion after collision with a surface 
atom can be derived from a bina.ry collision model. In this model, it is assumed 
that the classical laws of conservation of energy and momentum are valid. The final 
energies calculated this way show fair agreement with those measured in practice. 

The validity of the dassical laws for the calcula.tion of the energies a.fter collision 
can be elucidated as follows. 

Firstly, the deBroglie wa.velengths ofthe ions with energies used in 1LEIS (0.1-
10 ke V) are much smaller than the intera.tomic distance. This means tha.t the 
path of the ion and its energy after collision can be described in a cla.ssical way. 
Secondly, the actual scattering results from core-core repulsion, for which a screened 
Coulomb potential can be used (see section 2.4). Therefore, the collision can in 
first approximation be considered elastically. Due to the penetration of the ion in 
the electron cloud of the atom, the distance of closest approach will be very small 
compared to the interatomic distance. For this reason the collision can be assumed 
to be binary. 

During the collision, the target atom can be assumed to be at rest because the 
interaction time is a. few orders of magnitude smaller than the vibration time of the 
target atoms. Application of the laws of conservation of energy and momentum 
leads to the following expression for the energy of the ion after collision Ei: 

(
cos 9 ± ,jq2 - sin2 

()) 
2 

E1=E-· -• 1 + q ' 
(2.1) 

where 0 denotes the scattering angle and q the ratio miJ.tom/m;on (see fig. 2.1). In 
eq. 2.1 the positive sign should be used for q > 1 (m,,.1om > mion)· The negative 
sign does not give a physically meaningful solution in this case. Both signs apply to 
q :5 1 (m,,.1om :5 mion) with the extra condition q2 ~ sin2 0. The physical meaning 
of these two possible solutions will become clear below. 

A very instructive way to present the ratio E1/ E; for various scattering angles 
and q-values is in a pola.r diagram (see fig. 2.2). In this polar diagram the ratio 
EJ/E; (0 :5 E1/ E; $ 1) for several q-values is plotted as a function of the scattering 
angle 0. Both quantities are indicated in the figure. 

The polar diagram is a convenient way to illustrate eq. 2.1. Firstly, the two 
possible solutions for the case m"tom < m;on at forward scattering become clear. 
The high-energy solution corresponds to scattering at a large impact parameter, 
where the ion is only deflected a little by the atom. In the low-energy case, the 
collision is nearly head-on, and a considerable amount of energy is transferred to 
the target atom. The two solutions at are visualized in fig. 2.3. Secondly, the 
polar diagram can be helpful in choosing the right the scattering angle in a certain 
experiment. Small scattering angles must be used at low q-values( q $ 1). Large 
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Figure 2.1: Schema.tic representation of the coJJision of an ion with an atom at the surface. 

180°f--~-+~~T--~-+..._~-t-....i.::.:""4'"""""---T-~..L..T~~-r-~--i~~~o0 

1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1 

EJ/E; 

Figure 2.2: Pola.r plot of the ratio offinal and incident energy at various scattering angles 
and q-values. 



10 

ion . ) ..... "."~ 
""." .. " ....... "."".Q···""." ..... ""." ... . 

atom ~ 

a 

Chapter 2. Low-energy ion scattering 

ion ." ......... ~.:::::::·~ ... """ ...... " .. 
atom~ 

b 

Figure 2.3: The physical meaning of the two solutions fot the tinal energy, illustrated 

for the case q = 0.25 and 9 = 10°. At large impact para.meters the ion is only slightly 
defl.ected (a.). In the hard collision the ion and the a.tom go forward together (b). 

scattering angles are preferably used for the separa.tion of a.tom masses larger tha.n 
the ion mass ( q > 1), because this configuration leads to larger diff erences in 
scattered ion energies. With a fixed scattering angle, the mass resolution can be 
improved by a proper choice of the type of prima.ry ion. 

Example of a LEIS spectrum 
In practice, a bea.m of ions with a. fixed energy is directed onto the target. The 
intensity of the sca.ttered ion beam at a. fixed sca.ttering a.ngle is mea.sured a.s a. 
function of the fina.l energy. In fig. 2.4 a.n exa.mple of a LEIS spectrum is shown. In 

Signa.l 
(104 c/s) 

1.50 ..,.--------------------, 

l Ni 
;. 

1.00-

0.50-

0.00 ~=====::;.======----..--~=====l 
0 1000 2000 3000 

E1 (eV) 

Figure 2.4: Example of a LEIS spectrum of 3 keV He+ -+ Ni(lOO) + S. The scattering 
angle is 142°. 
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the figure, the sca.ttered ion beam intensity of a prima.ry 3 keV He+ bea.m sca.ttered 
through an angle of 142° from a. Ni + S surface is plotted a.ga.inst the final energy. 
The peaks resu)ting from the scattering from Ni and S surface a.toms can clea.rly be 
seen. This spectrum was measured using the NODUS a.ppara.tus (see section 2.5). 

Deviations from the binary collision model. 
The energy of the scattered ions (see fig. 2.4) is not as distinct as was suggested by 
the bina.ry collision model. Several reasons for the difference between measured and 
calcula.ted final energy can be given. Firstly, practical aspects such as a spread in 
incident ion energy and scattering a.ngle should be mentioned. Secondly, an energy 
difference will be caused by the therma.1 vibrations of the target atoms and by the 
fa.et tha.t the a.toms are not free, hut bound to their neighbors. These effects are 
not induded in the bina.ry collision model. Thirdly, an inelastic energy loss can be 
caused by electronic excitation of the atom and/or ion. 

Although the a.bove mentioned processes dea.rly lea.ve their mark on the final 
energy of the sca.ttered ions, the results obta.ined by eq. 2.1 can very well be used 
for a qualita.tive mass analysis, if a suitable scattering angle is chosen. However, 
as was stated in the introduction, qua.ntification of surface compositions is more 
complicated. This will be discussed in section 2.3. 

Multiple collisions and recoil atoms. 
Beside the binary collision, two other processes which can occur when an ion is sca.t
tered from a surface should be mentioned. The ion can undergo multiple collisions 
and the ion can genera.te recoil atoms which leave the surface. 

Although the scattering process of the ion can be described in terms of a binary 
collision, it is not necessary that the total sca.ttering angle IJ is the result of only 
one single collision; scattering through the angle IJ may be built up from several 
consecutive scattering events through several angles [2]. lt appea.rs from calcula.
tions on the basis of eq. 2.1 tha.t the energy loss in such a. multiple collision is 
smaller than in a single collision with the sa.me total sca.ttering angle. Especially 
at very small sca.ttering angles, when the ion is grazing along the surfa.ce, several 
atoms will contribute to the sca.ttering of the ion. This subject has been discussed 
by many authors, see for example Boers [2]. 

In the collision process, energy is transferred to the target. The surface atoms 
which are hit and displaced due to the collisions, can collide with other target 
atoms. Target atoms are moving in all directions; this may result in the emission 
of particles from the surface. This is called sputtering. 

The sputter damage to the surlace and the displa.cement of the atoms from 
their lattice positions, caused by the ion beam, is a disadvanta.ge of low-energy ion 
scattering. For this reason, the total ion dose on the surla.ce should be kept as low 
as possible. 

The energy of the recoil atom in the case of an elastic collision can be ca.lculated 
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using the binary collision model. This recoil energy Er ca.n be written as: 

4q 2 
Er = E; • (l + q)2 cos t/l, (2.2) 

where q is ma.eom/m;.,,. as above, and 1/; is the angle between the tra.jectories of 
the incoming ion a.nd the outgoing recoil atom (see fig. 2.5). lt is obvious that for 

ma.torn 0 0 
000 

\ t/l 
\ 

"p:o .... , 
.... ... ... 

Figure 2.5: Schematic representation of the emission of a recoil a.tom by the incident ion. 

elastic recoil atoms the angle 1/; will be smaller than 90°. The existence of recoil 
a.toms is used advantageously in certain a.pplieations of the LEIS technique (see 
section 2.5). This is, for insta.nee, in the deteetion of light atoms, for example 
hydrogen, on the surface. 

2.3 Quantification of surface compositions and 
neutralization 

As had already been mentioned before, the sensitivity of LEIS is dependent on the 
element. An exa.mple of this can be found in the spectrum shown in fig. 2.4. When 
the Ni sample was heated, S segrega.ted from the bulk to the originaUy clean Ni 
surface. The Ni signal decreased by a.bout one half, suggesting tha.t about one half 
of the surface is eovered with S. However, as ca.n be .seen, the measured signals 
due to S remained very small eompared to that of Ni. Thus the LEIS sensitivity 
to S is mueh smaller than that to Ni. There is no theory available, by whieh this 
difference in signal can be predicted aceurately. This is due to the fa.et, that the 
neutralization proeess of the ions at the surfaee is not precisely known, as will be 
diseussed below. This poses problems on the quantifieation of surfaee eompositions 
by LEIS. 
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Neutralization. 
One of the processes which in principle ca.uses a di:fference in signal intensity for each 
elements is the charge exchange between ion and surface atoms. These neutraliza
tion and ionization processes play an important role in low-energy ion scattering. 
For instance, the high neutralization probability for inert gas ions gives LEIS its 
extreme surfa.ce sensitivity. 

Recently extensive research has been clone on neutralization of ions at surfaces. 
An excellent review has been written by Aono and Souda (3]. These authors con
clude, that in low-energy Hé ion scattering, the process of Auger neutralization 
is dominant, if the work function of the target material is less than 4 eV. Forma
terials with higher work functions, resonance neutralization also takes place. Both 
neutralization processes are illustrated schematica.lly in fig. 2.6. In the Auger neu-

a b 

Is 

Figure 2.6: Schematic illustration of the Auger neutralization process (a) and the vaJence 

and core level resonance neutralization process (b) (see text). 

tralization process (fig. 2.6a.), the va.cancy in the He+-ls energy level is filled by 
an electron from a higher level from the solid. The energy, which is liberated in 
this transition, is used to emit another electron from the solid. In the resonance 
neutralization process (fig. 2.6b ), the electron can be transferred without energy 
loss if the solid has an electron in the same energy level where the Hé-ion has a 
vacancy -or vise versa-. 

Several authors have worked on the modeling of the neutralization process [4, 
5, 6, 7). It is now generally accepted tha.t, in the case of scattering from meta.Is, 
the ion fraction p+, i.e. the fra.ction of the ions surviving the collision as an ion, 
is given by the empirica.l expression: 

p+ = expa · (--
1

- - -
1
-), 

V .J.,in V .J.,o"t 
(2.3) 
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where a is a chara.cteristic velocity, depending on the combination of ion and a.tom, 
and tl.L is the velocity component of the ion perpendicular to the surface on the 
incoming (v.L,in) and the outgoing (v.L,out) trajectory, respectively. It follows from 
eq. 2.3 that Îons with a small V.L, spending a. relatively long time nea.r the sur
face, have a. small ion fra.ction P+. At high va.lues of v.L, p+ approaches unity. 
Brongersma and Buck [6] showed that for constant angles of incidence and sca.tter
ing eq. 2.3 ma.y be written as: 

(2.4) 

where v I is the velocity of the ion a.fter collision. 
The smooth dependency of the ion fraction on the ion energy, which results 

from the eqs. 2.3 and 2.4 is not observed in all cases. For insta.nee, Erickson and 
Smith [8] observed strong oscilla.tions in the scattered ion yield of He+ scattered 
from Pb as a function of energy. This can be explained by the fa.et that these 
elements have electrons in an energy level coinciding with the He+-ls level, which 
misses one electron (see fig. 2.6b). Electrons can then be transferred forth and b~k 
without energy loss. Depending on the time cha.ra.cteristic for this transition and 
the velocity of the ion, either ionized or neutra.! He leaves the surfa.ce. 

Apart from neutralization, a.lso reioniza.tion of neutra.l particles takes place in 
certain cases [3]. Some consequences of this reionization for low-energy ion scat
tering have been discussed by van Leerdam et al. [9]. 

Methods for quantification. 
Quantification of surface compositions is hampered by the una.cquaintance with 
the characteristic velocity a, and hence with the ion fraction. No theory has been 
developed yet to calcula.te the cha.racteristic velocity a reliably. Theçefore, for a 
quantification, either the necessity of the knowledge of the characteristic velodty 
a should be circumvented, or this qua.ntity should be determined experimenta.lly. 

Both approaches have been used to determine surface compositions quantita
tively by LEIS. The two methods will be presented further on in this thesis, in the 
chapters 5 and 6, respectively. In cha.pter 5 it will be shown, tha.t a: calibration 
against pure elements can be used . to determine the composition of a. multi com
ponent sample, thus circumventing the knowledge of the characteristic velocity a. 
As for the second alterna.tive, the characteristic velocity can be determined ex
perimentally by performing LEIS with 3He+ and 4Hé as primary ion from the 
sa.me sample, and considering the differences in scattered ion yields. This will be 
discussed in chapter 6. 

2.4 Determination of structure 

Apart from the composition, the structure of a surface on a short range scale can 
be determined by LEIS. Structural information can be deduced from the directions 
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in which an enhanced or diminished scattered ion yield is found. This yield can 
vary because of sbadowing or blocking effects. Atoms lying in the shadow cone of a 
collision process (see fig. 2.7 and the text going with this :figure) cannot contribute 
to the scattering themselves. Also, atoms can block scattered ions from reaching 
the energy analyzer. Another way to obtain information about the structure of a 
surfa.ce is by oonsidering double collisions. Double collisions occur more often if the 
distance between the atoms in the direction of scattering is smaller. In directions 
of the surface where the atoms are closer to each other (for example in the [011] 
direction in :fig. 2.8) double collisions will thus occur more often. So the distribution 
of the double collision yields over the scattering directions, gives information about 
the closely packed directions. In this section these topics will be discussed in more 
detail. 

Sha.dowing and blocking. 
To be able to understand the shadowing and blocking effects better, it is necessary 
to dwell a little more upon the concept of the shadow cone. When an ion is 
scattered from an atom, there is a region bebind the atom where no ions can come 
(see fig. 2.7). This region is called the shadow cone of the atom. To detennine 

ions 

Figure 2. 7: Schema.tic sketch of the shadow cone bebind an atom. 

the detailed shape of this shadow cone, the interaction potential between ion and 
atom should be known. In the low-energy regime appropriate to LEIS, the bare 
Coulomb potential is not realistic for the interaction between ion and atom, because 
the distance between the nuclei of ion and atom remains so large, that they are 
shielded by the electrons. This is the reason why a screened Coulomb potential 
should be used. It bas been shown [4, 10, 11] that in low-energy ion scattering the 
Molière approximation to the Thomas-Fermi potential (see for insta.nee [12}) with 
a. reduced screening length is adequate. 
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The exclusion of ions from certain places leads to an enhanced density of ions 
elsewhere. From fig. 2.7 it can be seen that this enhanced intensity is found at the 
edge of the shadow cone. This is called the focusing effect (see also page 19). 

As was stated above, the shadow cone concept can be used to understand one 
of the principles of structure determination by low-energy ion scattering. As an 
example, consider the Ni(lOO) surface on which S is adsorbed (see fig. 2.8). The 

Top view 

Ni(lOO) c(2x2)S 

a 

[011] 
[001.]~[010] 

b 
Side view, [010] 

• Sulfur 

0 Nickel 

Figure 2.8: Representation of the Ni(lOO) surface. 

sulfur atoms are situated 1.30 A above the Ni surface [13]. It can be shown, 
that, at normal incidence, the scattered ion signal measured from Sis equal in all 
azimuthal directions, because S resides free on top of the Ni surface. The situation 
is different for the signal originating from the scattering from Ni. At certain angles 
of incidence and at certain azimuths the Ni atoms may lie within the shadow cone 
of S (see fig. 2.9a), while at other angles of incidence and azimuths the path to the 
detector may be blocked (fig. 2.9b). Keeping this in mind, and taking a look at 
fig. 2.8a one sees that, for example for normal incidence, the Ni signal will vary as 
a function of the azimuth. By combining the knowledge about the shape of the 
shadow cone with a proper choice of the incident and scattering angle, information 
about the positions of the atoms at the surface can be obtained. An application of 
this concept to the surface of single crystals will be discussed in the next section. 

Multiple collisions. 
Another way to obtain information about the structure of the surface is by con
sidering double or multiple collisions. At grazing angles of incidence with respect 
to the surface and low scattering angles, double collisions will occur ~ore often in 
directions parallel to the surface, where neighboring atoms are close to each other. 
So by rotating the sample around its normal, and determining the ratio of single 
and double collisions for each azimuth, the closely packed directions of the crystal 
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a 
Shadowing Bloeking 

b 

Figure 2.9: Schematic representation of shadowing and blocking at the Ni(lOO) + S 
surface. At certain angles of incidence, the Ni Hes in the shadow cone of the S (a). For 
certain scattering angles, ion scattered from Ni are blocked on their way to the detector 
(b). 

can be found (see for insta.nee [14)). Of course, the ion fra.ction for double collisions 
will be very low, because part of the ion path will be along the surf ace ( compare 
eq. 2.3). However, if the energy analysis of the scattered ions is such that neu
tralized particles can a.lso he taken into account, as is the case in a time-of-füght 
method (see next section), a considerable fraction of particles scattered from more 
than one atom can be observed. 

2.5 Equipment for LEIS 

Various technica! solutions have been developed for low-energy ion scattering in 
practice. All implementations are based on the sa.me principle (see section 2.2), 
hut can generally be cla.ssified according to their way of energy ana.lysis. Two 
wa.ys of energy ana.lysis of scattered ions are commonly used: velocity ana.lysis by 
measuring the time it takes for the scattered ion to tra vel a known distance (time
of-flight, TOF) and energy ana.lysis by means of an electrosta.tic analyzer. Both 
metbods will be illustrated below. 

General setup of a LEIS system. 
All low-energy ion scattering setups, regardless of their way of energy ana.lysis, 
consist of an ion source, a mass filter to eliminate unwanted ions, a manipulator to 
hold and manipulate the target and an energy ana.lyzer for the scattered ions. For 
a proper LEIS ana.lysis of a clean surface, all parts should be placed in ultra high 
vacuum (UHV), since, due to its extreme surf ace sensitivity, contaminations on the 
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target surface may strongly influence the results of the experiments. If the LEIS 
system is to be used for an atomie composition a.nalysis only, a simple manipulator 
to position the target in front of the energy analyzer will do. As wa.s pointed out 
in the previous section and will be shown below, for structura.l a.nalysis by LEIS 
the possibility of sample rotation should be present. The remaining part of this 
section will be dedica.ted to some examples of va.rious LEIS implementations. 

Time-of-ilight (TOF) systems. 
In the time-of-flight (TOF) energy a.nalysis , the time taken by a sca.ttered or re
coil pa.rticle to tra.vel the known distance from sample to detector is mea.sured. A 
reference point to start the time measurement, is obtained by chopping the ion 
beam into ion pulses with a sma.11 time width. A schema.tic view of the setup 
can be found in fig. 2.10. A special feature of the TOF analysis is the possibility 

.target 

. " ,, 

.. --, 

Figure 2.10: Schema.tic representa.tion of a. time-offlight (TOF) setup for the use in low

energy ion scattering spectroscopy. By applying a pulsed volta.ge on the chopper plates, 

the ion bea.m is de'flected. Only during a. short period ions can pass the diaphra.gm. 

of detecting neutralized particles as well. On the one hand, this leads, at small 
incident angles (measured between incident ion beam and surfa.ce normal), to de
tection of deeper layers. However, the obtained information can be limited to the 
outermost atomie la.yer by a proper choice of incidence and scattering a.ngle. The 
detection of deeper la.yers is prevented by the sha.dow effect. On the other hand, 
detection of neutra.Is gives rise to an enhanced signa! of scattered particles. This 
is useful for the shortening of the mea.suring time. In forward scattering, it is a.lso 
possible to detect recoil particles by TOF. A special version of LEIS, direct recoil 
spectrometry (DRS) is based on the detection of elastic recoil particles [15]. Recoil 
spectrometry is especially useful for the detection of light atoms on the surface, for 
example hydrogen. 



2.5. Equipment for LEIS 19 

A nice way to use the shadow cones to determine the surface structure is by 
impact collision ion sca.ttering spectroscopy (ICISS) [16, 17]. In ICISS, the total 
scat tering angle is chosen to be nearly 180°. While keeping this total scat tering 
angle as a constant, the a.ngle ais va.ried (see fig. 2.lla). The measured signa! as a 

a 

.............. . .. .. . . ... . .. .. .. . . ... ... . . . . . .. . ... .... .. . . 

b 

:::.~·:~·:.~:·--~~·:::::::::: . 
··.. ·· ... ". ·· ..... . 

Signal 
î 

-+ a 

c 

Figure 2.11: Schema.tic representation of the ICISS experiment. The incident angle a is 
varied (a). Ata= ac the atoms lie on the edge of the shadow cone of their neighbors 
(b). The enhanced intensity measured at a Jarger ais due to focusing (c). 

function of the angle of incidence a is outlined roughly in fig. 2.llc. At very small 
values of a no backscattering is observed, because the atoms lie in the shadow cones 
of their neighbors. At a certain critica! incident angle ac. the atoms are situated on 
the edge of the shadow cone (fig. 2.llb ), and, due to the focusing effect (see section 
2.4), an enhanced intensity of sea.ttered ions is found. It is obvious, that, once the 
critica! angle ac has been determined, information about the interatomic distance 
can be derived from knowledge of the shape of the shadow cone (which can be 
calculated using the Molière approximation to the Thomas-Fermi potential). With 
further increa.se of a similar effects can occur, originating from scattering from 
atoms in deeper layers. By rotating the sample around its normal, interatomic 
distances in different directions can be determined. In this way, one can build up 
an image of the surface structure. 

Electrostatic energy a.nalyzers. 
Commonly used LEIS setups ha.ving an electrostatic energy analyzer are drawn 
schematiea.lly in fig. 2.12. A continuous beam of ions is directed onto the target. 
The energy after collision is analyzed by deflecting the ions by means of an elec
trostatic field. The amount of deflection depends on the energy of the ion and the 
electrical field strength. The actual energy analysis is done by selecting specific ion 
pa.tbs using slits. The examples of electrostatic analyzers shown in fig. 2.12 are the 
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Figure 2.12: Two different energy analyzers used in LEIS: The hemispherical analyzer 

(a) and the cylindrical mirror analyzer (b). 

hemispherical analyzer (HSA, fig. 2.12a) and the cylindrical mirror analyzer (CMA, 
fig. 2.12b). When applied in LEIS, the number of scattered ions is measured as 
a function of the deflection voltage, and thus at the same time in relation to the 
energy of the ions. The HSA has the advantage that it can easily be mounted 
rotatable, so that the scattering angle can be chosen. The CMA has the advantage 
of a full azimuthal acceptance which permits a lower ion dose on the target and 
thus less surface damage. A modified CMA is used in the NODUS and MINIMO
BIS setups. The experiments, which are discussed in the chapters 5 and 6, have 
been clone using these setups. The modification to the CMA concerns the detector. 
A cylindrically symmetrie detector with a hole at its center is positioned on the 
central axis of the CMA. The scattered ion signal is integrated over all azimuths. 
Through the hole in the detector, the primary beam, which is produced by the ion 
source in another part of the vacuum system, is directed onto the target. In spite of 
the relatively high pressure in the ion source, on the pressure in the target chamber 
is kept low by means of a differential pumping system. Furthermore, impurities 
are eliminated from the incident ion beam by a mass filter. 

Structural information on the target surface can be obtained by LEIS from the 
azimuthal distribution of scattered ions. This can in principle be acquired with a 
HSA by doing measurements in different azimuthal directions. Also, the NODUS 
analyzer (see above paragraph) could be used for azimuthally resolved measure
ments, if the azimuths could be selected one at a time. However, in both cases 
many measurements will be necessary. Therefore, one has searched for analyzers, 
which, combined with position sensitive detectors were suitable for simultaneous 
measurements of the azimuthal distribution of scattered ions. A solution was found 
by Williams and Yarmoff [19]. They used a retarding field analyzer (see fig. 2.13) 
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Figure 2.13: Schematic figure of the four-grid retarding field analyzer used by Williams 

and Yarmoff {19). The two-dimensiona.l image on the 1Iuorescent screen is recorded with 

a video camera.. 

and a fluorescent screen to determine the directions in which scattered ions were 
found. Because neutra.Is are not retarded by the analyzer, an incident beam of Li+ 
was used to obtain a high ion fraction. With this setup, azimuthal dependencies 
can be measured directly, but still the energy spectrum must be built up by a series 
of measurements. 

A way to do energy and azimuthal measurements simultaneously has been de
veloped by Hellings et al. [20]. These authors use a double toroidal electrosta.tic 
a.nalyzer. This cylindrically symmetrie a.nalyzer is capable of conserving the a.n
gular momentum of the sca.ttered ions, while the energy distribution is ima.ged in 
the radial direction. A two-dimensional position sensitive detector [21.] is used to 
determine the radius and azimuth of the ions leaving the analyzer. This energy and 
angular resolved ion scattering spectroscopy (EARISS) appara.tus will be discussed 
in more detail in chapters 3 and 4. 

As a result of the first EARISS measurements ( chapter 3) it was concluded 
that the detection system sbould be developed further. Results from this develop
ment, together with specimens of improved EARISS measurements will be given 
in cha.pter 4. 

References 

[1] H.H. Brongersma and P.M. Mul, Chem. Phys. Lett . .li(1972)380 

[2] A.L. Boers, Surf. Sci. ~(1977)475 

[3] M. Aono and R. Souda, Nucl. Instr. and Meth. in Phys. Res. B27(1987)55 



22 References 

[4] H.H. Brongersma and T.M. Buck, Surf. Sci. 5a(1975)649 

[5] R.J. MacDonald and D.J. O'Connor, Surf. Sci. 124(1983)423 

[6] H.H. Brongersma and T.M. Buck, Nucl. lnstr. and Meth. 132(1976)559 

[7] R. Souda, M. Aono, C. Oshima, S. Otani and Y. Ishizawa, Surf. Sci. 
179(1987) 199 

[8] R.L. Erickson and D.P. Smith, Phys. Rev. Lett. ~(1975)297 

[9] G.C. van Leerdam, K-M. H. Lenssen and H.H. Brongersma, Nucl. Instr. and 
Meth. in Phys. Res. B45(1990)390 

[10] M. Aono, Y. Hou, R. Souda, C. Oshima, S. Otani, Y. Ishizawa, K. Matsuda 
and R. Shimizu, Jap. Journ. Appl. Phys. 21(1982)1670 

[11] Th. Fauster, Vacuum ,aa(1988)129 

[12] I.M. Torrens, lnteratomic Potentials, Academie Press, New York, 1972 

[13] See /or example: P.M. Marcus, J.E. Demuth and D.W. Jepsen, Surf. Sci. 
Qa.(1975)501 

(14] R.J. MacDonald, Proc. Asia Pacific Symp. on Surface Physics, April 14-17, 
1987, Shanghai, People's Republic of China. Ed. Xie Xide, page 89. 

(15] J. Wayne Rabalais, CRC Crit. Rev. in Sol. State and Mat. Sci. 14(1988)319 

(16] M. Aono, Nucl. lnstr. and Meth. in Phys. Res. B2(1984)374 

[17] M. Aono, C. Oshima, S. Zaima; S. Otani and Y. lshizawa, Jap. Journ. Appl. 
Phys. 20(1981)1829 

[18] H.H. Brongersma, N. Hazewindus, J.M. van Nieuwland, A.M.M. Otten and 
A.J. Smits, Rev. Sci. Instr. ~1978)707 

(19] R.S. Williams and J.A. Yarmoff, Nucl. Instr. and Meth. in Phys. Res. 
218.( 1983 )235 

[20] G.J.A. Hellings, H. Ottevanger, S.W. Boelens, C.L.C.M. Knibbeler and H.H. 
Brongersma, Surf. Sci. 162(1985)913 

(21] C.L.C.M. Knibbeler, G.J.A. Hellings, H.J. Maaskamp, H. Ottevanger and 
H.H. Brongersma, Rev. Sci. lnstr. 58(1987)125 



Chapter 3 

Simultaneous energy and angle 
resolved ion scattering 
spectroscopy1 

Abstract 
Low energy ion scattering (LEIS) is a. useful technique for compositional and structural 
a.naJysis of the outermost layer of a solid. With our new EARlSSappa.ratus da.ma.ge is 
strongly reduced. A 2-dimensional detector ha.ving a. resolution of 1% in a.zimuth and 
radius2 is used. Up to 38x104 counts/s have been processed and stored. 

3.1 Introduction 

In the last decades various techniques for surface analysis have been developed. 
Among these techniques low-energy ion scattering (LEIS) ha.s been a.ccepted a.s 
a suitable tool for the analysis of the outermost layer of a solid surface. With 
LEIS it is possible to obta.in information on the composition -qualitatively and 
quantitatively- and on the structure of a surface [1, 2, 3]. Compositional informa
tion is obta.ined by analyzing the energies of the scat.tered (noble gas) ions, while 
structural information can be extracted from both their energy and a.zimuthal dis
tribution. 

A disa.dvantage of the LEIS-technique is that the surface is damaged by the 
incident ions. For a.n accurate analysis one should keep this da.ma.ge as low as 
possible. Therefore, the use of a. very sensitive instrument is necessary. In the last 
few years multi-detectors [4] in combination with toroidal analyzers [5, 6, 7] have 

1The rontents of this cbapter bas been published in: P.A.J. Ackermans, P.B.F.M. van der 
Meulen, B. Ottevanger, F.E. van Straten and H.H. Brongersma, Nud. Instr. and Metb. in Phys. 
Res. !fil(l988)541 

2 At the time of writing of the original paper, the only available data on the resolution of the 
detector originated from the design notes. Lateron, it appeared that this resolution is slightly 
worse (see cbapter 4). 
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been used to improve the sensitivity. A review of recent developments is given 
by Lecky [8]. With our new developed EARISS (Energy and Angle Resolved Ion 
Scattering Spectrometer) it is possible to obtain simultaneously the compositional 
and structural information. In this article the EARISS apparatus will be described, 
and some first results will be presented. 

3.2 The EARISS apparatus3 

The EARISS apparatus can schematically be divided in three parts: the ion source, 
the analyzer and the detection-unit (see figure 3.1). All parts are placed in ultra 

EARISS SCHEMATICALLY 

1 OOSOU"C8 [Ï] 

1 l aassfl 1 t.er 

detector 
cond.cl.1ng tayers o n 

-channelplates 

Figure 3.1: Schematic diagram of the EARISS. The trajectories of ions with several 
energies are drawn. 

high vacuum (UHV). A beam of mass selected noble gas ions is focused onto the 
target (at normal incidence). The ions are scattered over 145°. The double toroidal 
analyzer [9] is capable of analyzing the energy and azimuth of the scattered ions. 
It makes a one to one projection of energy and azimuth on the detector unit with 
a resolution of 1 % in both directions. Ions with a low energy undergo a larger 
deflection in the two toroidal regions of the electrostatic analyzer than ions with 

3 A more detailed description of the EARISS apparatus is given in chapter 4. 
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a high energy. This results in a radial energy image on the detector with the low 
energy ions at the outside and the high energy ions near the axis of the analyzer. 

The detector-unit consists of two channel plates in cascade and a position
sensitive detector. The first channel plate is a Philips Mullard type G12-46DT /0, 
the second is of the type G12-46. Weakly conducting layers between the channel 
plates and the detector provide a homogeneous electrical field to allow the elec
tron clouds which escape from the channel plate to expand before they reach the 
detector, where the center of the charge cloud is determined. The sickle and ring 
type detector [10] is schematically given in figure 3.2. It consists of two sets of 

Figure 3.2: Principle of the sickle (A) and ring (B) detector. The sickle width increases 
with tbe azimuth r.p, the widths of the rings increase with increasing radius R. 

well conducting Au-strips on an insulator (glass). One set of strips (B) is wider at 
larger radii, but keeps the sa.me width in the azimuthal direction. The width of 
the second set increases with increasing azimuth, but not with radius. The charge 
collected on the B-strips is linearly proportional to the energy of the scattered ions, 
the charge on the A-strips to the azimuth. For technica! reasons only 320" of the 
full 360° of azimuth can be used. 

In between the A- and B-strips there are grounded strips to reduce the capacitive 
coupling. This is not sufficient however, since an important contribution to the 
coupling would still exist via the glass substra.te. This prohlem is overcome by 



26 Chapter 3. The EARISS apparatus 

using a thin (80 µm) insulator mounted on a grounded stainless-steel support. In 
this way a capacitance of only 5 pF between the A- and B-strips remains. This 
allows for very high counting ra.tes. 

The generation of electron douds in a channel plate is a. statistical process. 
Therefore, there is a. spread in the charge of each cloud. To obtain quantitative 
position information from the detector, it is necessary to normalize the charges 
measured on the strip to the total charge in a cloud. This total charge, which 
changes from pulse to pulse, is derived from the second channel plate. The results 
of this normalization are stored in the memory of a two-dimensional multichannel 
analyzer. 

The analyzer is equipped with some extra features. In the first place we have 
the zoom-lens (accelerator) which makes it possible to select apart of the energy 
spectrum for further exa.mination. Secondly, we have an a.zimuth selector under 
development which has to prevent spiraling ions in the rotationally symmetrie field 
of the analyzer. With the azimuth selector insta.lled, even ions scattered far away 
from the axis of the analyzer can be taken into account. lons with a significant 
angular momentum are intercepted. Being able to detect ions from a large spot 
on the target, strongly increases the sensitivity, and reduces the total ion dose 
needed for a spectrum. The last features are the variable slits. lt is possible to 
vary the width of the entrance slits of the analyzer from outside the UHV system. 
In this way the angular spread of the accepted ions can be chosen. Like the rest 
of the analyzer the variable slits have a. cylindrica.l symmetry. This implies that 
there must be some places where the slits are interrupted for mounting the inner 
sections of the analyzer. At present, there are apertures beside these interruptions 
due to the construction. Even when the slits are closed completely some ions can 
still pass through these holes. As will be shown below, this ca.n be used to test 
the azimuthal resolution. These holes are visible in the azimuthal spectrum of the 
sca.ttered ions. 

3.3 Preliminary results 

The experiment to be presented here was carried out as follows. We have chosen 
a polycrysta.lline Pt target which was sputtered and annealed until we obtained 
a good Pt signal. The pressure in the system was about 5x10-9 mbar. The 
measurement was done using a 2 keV Ne ion bea.m (~ 30 nA). By using sputtered 
ions a. homogeneous distribution over the channel pla.te is achieved. This gives 
a count ra.te of about 38xl04 counts/s on the detection system. Our detection 
system has been proven capable of processing and storing data at this count ra.te. 
To test the resolution of the system we need a well-defined distribution in azimuth 
and energy of scattered ions. By using a pure Pt-target and by closing the variable 
slits this distribution is obtained. Only ions passing through the above-mentioned 
holes can rea.ch the detector. Of course, this strongly reduces the count ra.te. Since 
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the azimuth selector bas not yet been installed, we had to focus the primary beam 
to the axis of the analyzer as well as possible (no angular momentum and thus no 
spiraling). In this way, the number of spiraling ions in the analyzer can be reduced. 
The measured spectrum is shown in figure 3.3. The two peaks corresponding to the 

2 keV Ne+ on Pt 

Figure 3.3: Spectrum of scattered Né ions from Pt. Energy and azimuth are measured 
simultaneously. The azimuthal distribution is created artificially (see text). 

holes at the variable slits are dearly visible, and show up at the expected energy. 

3.4 Conclusion and discussion 

We have shown tha.t our new ion sca.ttering instrument is capable of measuring the 
energy- and azimuthal distribution of the scattered ions simultaneously. Together 
with the capability of handling high count rates EARISS will be a powerful tool for 
monitoring time-dependent processes. Due to the double toroidal-shaped analyzer 
the background in the spectra is very low. However, the a.bove spectrum show 
some problems which need to be discussed. Firstly, it can be seen the energy of 
the two peaks is not the same (see figure 3.3). This is due to an inhomogeneity of 
the electrical field between the second channel plate and the detector. This will be 
taken care of in the near future. 

Secondly, the peaks in the spectrum are too wide to account for the 2° hole in 
the varia.bie slits, meaning tha.t spiraling ion tracks were not fully suppressed. This 
will be better as soon as the azimuth selector is installed. After these corrections, 
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EARISS will be applied to problems in surf ace science. Emphasis in future research 
will be on the structure and composition of alloy- and III-V semiconductor surfaces. 

This work ha.s been sponsored by FOM with financial support by NWO, the 
Netherlands Organization for the Advancement of Scientific Research. The authors 
would like to thank Ir. P. Brinkgreve, P.W. van den Hoogen and J.A.M. de Laat 
for tbeir contributions to the construction of the EARISS equipment. 
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Chapter 4 

Energy and angle resolved ion 
scattering spectroscopy 

In the previous chapter a brief description Wil$ given of the EARISS apparatus, and 
of the problems concerning the determination of the position of the ions leaving the 
analyzer. In the past few years, research has mainly been focused on the imaging of 
the detector unit. The results of these investigations are presented in this chapter. 
Firstly, amore detailed description of the EARISS apparatus will be given. Because 
much emphasis bas been on the detection unit, a separate section will be devoted 
to its description. In this section the construction of the detector will be discussed 
and results of calculations on its performance will be presented, together with test 
measurements made on the detector as such. The chapter condudes with a section 
in which measurements on a polycrystalline Cu and a single crystal Ni(lOO) surface 
made with the EARISS apparatus are presented. It will be shown, that the energy 
resolution is better than 3% of the energy after collision. For accurate azimuthal 
measurements an azimuth selector -which prevents scattered ions to follow a spiral
shaped path through the analyzer- will be necessary. The azimuth selector is in 
preparation. 

4.1 The EARISS apparatus 

The components of the EARISS apparatus can be divided mainly in five groups: 
the fon source and primary beam system, the energy analyzer, the detection unit, 
the signaJ processing system and peripheraJ equipment. The last group contains 
peripheral equipment of the EARISS vacuum system such as a residual gas analyzer 
and a sputter ion gun. 

The primary beam system. 
The inert gas ions used for the analysis are produced in the ion source [1]. In the ion
ization chamber, electrons are emitted from a filament which ionize the gas atoms; 
the operating pressure of the inert gas in the ion source is about 5xl0-6 mbar. The 
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ions are extracted from the ionization cha.mber by means of an extraction voltage. 
The ion beam is directed onto the target via a system of electrostatic lenses and 
deflection plates. A Wien type of mass filter is positioned in the primary beam. 
In this mass filter, crossed electric and magnetic fields are adjusted in ~uch a way, 
that only partides with the desired mass over charge ratio pass a drift space and 
through a diaphragm. The relative mass separation D.M/M is about 10% [1}. The 
low pressure in the ion source and the presence of the mass filter assure a. clean 
beam at the target; however, the beam current is rather low: 10-30 nA. The energy 
spread t:..E/E of the primary ions at the target was determined to be:$ 1% [1]. 

The energy analyzer. 
The ion bea.m is directed perpendicula.r onto the target (see fig. 4.1). The ions 
which are sca.ttered from the target atoms through an angle of 145° enter the 
rota.tiona.lly symmetrie ana.lyzer. The double toroida.l analyzer has been designed 
and tested by Hellings et al. [2]. It is capable of making an image of the energy 
of the sca.ttered ions in radial direction, while the angula.r momentum of the ions 
is conserved. From fig. 4.1 the principle of operation can easily be seen: ions with 
a low energy are deflected more in hoth sections of the ana.lyzer, and are thus 
projected at large radii. For ions with a high energy, it is the other way around; 
these are projected near the central axis. The energy of the ions which follow the 
centra.l path through the analyzer is called the pass-energy of the analyzer. This 
pass-energy c.an be chosen independent of the final energy of the scattered ions. 
Only ions with an energy which differs less than 6% of the pass-energy Epau will be 
projected onto the detector; the others are deflected too much or too less and are 
lost for further analysis. The energy window within which partides will be detected 
is thus 0.12Epau wide. This gives the possibility to improve the energy resolution 
by lowering the pass-energy of the ana.lyzer, si nee the resolution is a fraction of the 
energy window depicted on the detector. Examples of this will be shown in section 
4.3 of this chapter. 

The electrostatic zoomlens. 
The operation of the energy analyzer requires that the energy of the scattered ions 
can be altered. The ions must be accelerated, when the pass-energy is chosen so 
high that the entire energy spectrum fits within the energy window. Moreover, 
to be ahle to scan the whole energy spectrum of scattered ions over a limited 
energy window, with a better energy resolution, the ions must be accelerated or 
decelerated. This is done by the electrostatic zoomlens, which consists of five 
elements (see fig. 4.1). The change of the energy of the ion in its direction of 
motion is produced by a voltage on the fourth element. The fifth element, which 
is at the sa.me potentia.l as the fourth, is meant to reduce fringing fields at the 
entrance of the ana.lyzer. The other three elements serve the following functions: 
the first element is grounded to shield the target from the fields in the zoomlens, 
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Figure 4.1: Schema.tic representation of the EARISS analyzer. As an indication of the 
dimensions: the distance from point B to the central a.xis is about 78 mm. 
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the second and the third are meant to focus the scattered ion beam on the analyzer 
entrance (3]. 

The variable slits. 
A special feature of the analyzing system form the variable slits (see fig. 4.1). To 
limit the possible range of angles through which detected ions can be scattered 
two slits are placed in front of the a.nalyzer. In the EARISS system, the width 
of the slits can be va.ried ex:ternally, outside the vacuum system. This gives the 
experimentalist the possibility to chose between a. high energy-resolving power or 
a high signal. The principle of operation is given schematically in fig. 4.2 (4]. 
The two inner rings are fix:ed with respect to the analyzer. The two :outer ones 

fixed -rings 

l 

Figure 4.2: Principle of the variable slits. Tbe two inner rings are fixed to the analyzer. 
The two outer rings can move vertically. 

can move upward and downward, thus enlarging or narrowing the effective widths 
experienced by the ions. The slits can be closed completely, so tha.t no ions can 
come through. At the maximum opening the effective widths are 0.89 mm for the 
lower slit and 1.10 mm for the upper one; this results in a spread in sca.ttering angle 
of 3.27 degrees. From fig. 4.2 it can be recognized that a reduction in spread in 
scattering angle goes together with a reduction of the spot size at the target from 
which ions are accepted by the ana.lyzer. However, in section 4.3 it will be shown, 
that this spot size is determined by ions which do not move in the plane sketched 
in fig. 4.2. 

The azimuth selector. 
As was stated a.bove, the a.ngula.r momentum of the ions is conserved in the a.na-
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Jyzer. This implies, that if the trajectories of the. ions do not lie in the meridian 
plane (plane AOB in fig. 4.1) a. spiraling path through the analyzer will be followed. 
Of course, this disturbs the azimuthal information obtained from the sample. For 
this reason, an azimuth selector is under development, which intercepts ions with 
too large tangential velocities. Although the azimuth selector has not yet been as
sembled in its final form, its importa.nce to the EARISS setup justifies a. discussion 
here. 

Hellings et al. [l, 2] have shown, that for obtaining one percent resolution in 
azimuth (~';' :s; 1.8°), the angle between the meridian plane and the tra.jectory of 
the scattered ion leaving the surfa.ce should not be larger tha.n 0.1°. The selection 
of ions, satisfying the above mentioned requirement can be done by leading them 
through a channel with a length to width ratio of about 570. The dimension 
of the field free spa.ce in between the variable slits in the EARISS setup, which 
was reserved for the azimuth selector, would imply tha.t channels should be made 
with a length of about 30 mm and, consequently, a width of the order of 50 µm. 
Channels with such dimensions are very hard to manufa.cture out of one piece 
of material. However, the sa.me requirements can be met by mounting 5 foils 
with narrow slits at well chosen distances. The foils can be etched by means of 
lithographic techniques. In the configuration chosen, 1800 slits of 62 µm wide are 
positioned at the circumference. The width of 62 µm, together with a distance of 
28.8 mm between the first and last foil leads to an angular acceptance of :s; 0.12°. 
Taking into account that the width of the intermedia.te metal between the slits is 
of the same order as the slits, and that the thickness of the foils is only 32 µm, it 
can be understood that the foils are very slack. This poses serious problems to the 
mounting of these foils. Moreover, the accuracy of positioning of the five foils with 
respect to each other should be in the order of microns, since each disorientation 
leads to a. loss in count ra.te. A third requirement is, that the position of the five 
foils should remain unaltered after a bakeout procedure at 250 •c. The construction 
of an azimuth selector satisfying these requirements is in progress. 

The detector. 
The position of the ions leaving the analyzer should be determined. This is done by 
means of a two-dimensional position sensitive detector, which will be discussed in 
detail in section 4.2.1. For the moment, a. short description of the signals coming 
from the detector will suffice. The ion lea.ving the analyzer falls upon channel 
plates where it is converted into an electron doud. The electron cloud falls on a 
collector. The collector consists of a circular glass plate provided with a. pattern of 
conducting strips. In principle the pattern consists of two kinds of strips, one kind 
to determine the radial, and the other to determine the azimuthal position of the 
doud. The shape of the strips is such tha.t the charge measured on each kind of 
strips is a. measure for the radius or the a.zimuth. However, since the total charge 

. di:lfers from cloud to cl oud, due to the statistical nature of the amplification in the 
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cha.nnel plates, the position can only be determined by normalizing the measured 
signals to the total charge in the cloud. A signal for this total charge in the cloud 
can be derived from the corresponding current in the power supply lines of the 
channel plate. 

Summarizing, three signals are obtained from the detector inclusive the channel 
pla.tes: one for the radial (r) position of the sca.ttered ion, one for its azimuthal 
( i.p) position and one to normalize the r- and the cp-signals. Since the EARISS 
analyzer depicts the energy of the ions in radial direction, the r-signal is related to 
the energy of the sca.ttered ions. 

The signal processing electronics. 
The signal processing electronics should accomplish the storage of the measured 
positions in the memory of a two-dimensional multichannel analyzer (MCA). The 
number of times a certain position occurs during the measurement is recorded. The 
data ha.ndling system · should be so fast, that it is possible to handle count rates 
up to 105 counts per second. The achieved dead time of the data handling system 
is about 1.5 µs. A special purpose MCA for the EARISS system was developed 
at our faculty by F.C. van Nijmweegen and N.F. Verster. It was mounted in a 
EURO BUS era.te. The signa.! processing system is schematica.lly given in fig. 4.3. 

The analog circuit. 
The mea.sured energy and azimuth signa.Is, denoted by QE and Q"', respectively, 
are amplified by charge sensitive prea.mplifiers (Canberra 2006). The signal for 
the total charge in the cloud, denoted by QT, is amplified by a Canberra 2003BT 
amplifier, which also delivers a fast timing pulse. The charge sensitive amplifiers 
give an output of kind of step pulses, the height of which is proportional to the 
measured charges. These signa.Is are further a.mplified and pulse shaped with a 
differentia.tion and integration time constant of 50 ns [5] by a Canberra 2110 timing 
filter amplifier. The height of the output pulses is sampled by an ana.log-to-digita.l 
converter ( ADC). In order to sample all three signa.Is ( Q E, Q"' and QT) at the sa.me 
time, they are delayed, so that the maximum of the pulse coincides with the trigger 
pulse on the ADC. The trigger pulse is derived from the fa.st timing pulse of the 
Canberra 2003BT by a timing circuit (see fig. 4.4), which serves three functions: 
( a) the discrimination bet ween wanted pulses and noise, rf-interference or random 
pulses from the channel plate, (b) the generation of a trigger pulse fpr the ADC, 
and ( c) the creation of a dea.d time during which no new pulses are a.ccepted. The 
timing pulse of the Canberra 2003BT can be used for discrimina.tion purposes since 
its amplitude is proportional to the measured charge (QT)· The discrimination is 
accomplished by applying a threshold below which no pulses are accepted at the 
input of the constant fra.ction discriminator unit (CFD, Canberra 2126). This CFD 
generates an output pulse at the moment the accepted input signal rea.ches a fixed 
fraction of its amplitude, thus making the exact time of the genera.tion of the output 
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Figure 4.3: Schematic representation of the data processing system of t/le EARISS ap, 
paratus. The components are: preamplifiers (PR), amplifier and pulse shapers (AP), 

variable delays (DL), analog-to-digital converters (ADC), divider memories (DN), mul

tichannel analyzer (MCA) and the HP9000/330 computer (HP). 

pulse independent of the amplitude of the input pulse. The output pulse is twofold; 
one goes directly to a coincidence input of a fast-slow coinddence module (FSC, 
Canberra 2144A); the other output pulse triggers a pulse generator (BNC BL-2). 
This pulse generator generates a long pulse, which is fed to an anti-coincidence 
input of the same FSC. The FSC will only generate an output pulse, which is 
used to trigger the ADC's, if the coincidence input is high and the anti-coincidence 
input is low. The duration of the pulse on the anti-coincidence input determines 
the time no other pulses will be accepted. This <lead time ( about 1.5 µs) is needed 
by the digital circuit to process the data. The output pulse from the FSC is used 
to trigger the ADC's. Besides, it is fed to a rate meter (Ortec 449) on which the 
count rate can be read. 

The digital circuit. 
The pulse heights are sampled by the ADC's (Analog Devices, MATV-0811). Next, 
the normalization should be done. Because of the desirability of high count rates, 
the division should be done fast. This can be accomplished by the use of a look-
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FSC 
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RM 

trigger 
signal 

Figure 4.4: Schema.tic dia.gram of the timing circuit built up from a. prea.mplifi.er (PR) 

a.n a.mplifi.er a.nd pulse sha.per (AP), a constant fra.ction discrimina.tor (CFD), a. pulse 

generator (PG) a fast-slow coincidence (FSC) and a rate meter (RM). The trigger signal 

is fed to the ADC's (see text). 

up ta.ble, in which a.ll a.nswers for the possible combina.tions of· numera.tor and 
denominatot a.re pla.ced. In practice, a. 64k-RAM memory was filled in advance 
with the results of the divisions. Using the two digitized S.bit numbers of, for 
exa.mple, the QE" and the QT·signals, a 16-bit address will be formed. At this 
address in the divider memory, the result of the division QE/QT can be read. The 
sa.me for Q<P/QT. The two obtained results of the divisions {two 8-bit numbers) are 
combined toa 14-bit address of a register in the MCA memory. The contents of this 
register is increased by one. The data streams between ADC's, divider memories 
and MCA memory a.re controlled by the mode selector {not shown in fig. 4.3). In 
the normal mode of this mode selector, the 14 bits of the MCA memory register 
are divided in 7 bits for the energy and 7 bits for the azimuth. However, the mode 
selector offers the possibility to use more bits for one direction at the expense 
of the other, which ca.n be used when a. higher a.ccura.cy in energy or azimuth is 
desired. Secondly, the mode selector can add an offset to the measured energy 
signal. This is useful when a complete energy spectrum should be bqilt up from 
severa.l subspectra. 

In the above treatment, the numbers with which the divider memories are filled 
are not yet mentioned. The division Qs/Qr always yields a number smaller than 
one. Therefore, to obta.in an 8-bit number, this result is multiplied by 256. How
ever, this ca.uses serious problems [6]. It can be shown that, the distribution of the 
times of occurrence of a. number between 0 and 256, corresponding to the answers 
to the divisions, shows large fluctua.tions nea.r powers of 2. Of course, this ca.uses 
sharp pea.ks in the measured spectra, because there are preferred ans;wers to the 
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division. Therefore, another multiplication factor has heen looked for, which would 
produce a. more homogeneous spectrum. It ha.s been shown [6] tha.t multiplica.tion 
by a. factor of 101 yields acceptable results. The distribution of occurrences of an
swers is nearly homogeneous, if Qrvalues smaller than 101 are discarded, because 
for those Qx-values certain answers to the division may never occur. This multipli
cation factor of 101 is used in the present setup; it leaves 101 cha.nnels for the E
and 101 channels for the <p-signal. However, the price for the more homogeneous 
distrihution is pa.id by the smaller dynamical ra.nge of Qx-values processed, in this 
ca.se a. factor of 2.5. 

The MCA memory is read out by a HP9000/330 computer via. a. home-built 
EUROBUS-GPIO interface [7]. The spectra can be displayed in a. rectangular 
dia.gram, with the E and ip cha.nnels numbered along the a.xes. The number of 
counts in ea.ch channel is represented by a color on the display. Examples of 
spectra in black and white, black representing the highest intensity, can be found 
in later sections of this chapter, together with a discussion on the interpretation of 
the measured data. 

Peripheral equipment. 
The EARISS analyzer and detector are mounted in an ultra high vacuum (UHV) 
vessel. On this vessel the primary ion source is mounted. With this source an 
ion beam can be directed perpendicular onto the target. Beside this ion source, 
a. second ion source of the same type is present permitting ion scattering at an 
angle of incidence of 20° with respect to the surface if the target is in a horizontal 
position. The beam chopper system mounted on this ion source offers the possibility 
of making time-of-füght (TOF) measurements. The ftight path in the TOF-setup, 
at a total scattering angle of 35°, is 987 mm. 

The target is mounted on a modi:fied sample manipulator from Panmure In
struments Ltd. This six-movement sample manipulator is equipped with stepper 
motors to allow computer control. At the central engineering facilities (CTD) of 
our university, limit switches have been added to prevent da.ma.ge to the manipu
lator due to too large movements. Moreover, since these limit switches restrict the 
range of translations and rotations, they are also used for a. position calibration. 
Also, the manipulator has been adapted to our sample bolders. 

The samples can be introduced via a. loadlock. Seven samples can be stored 
under vacuum conditions. In the near future a vacuum case will be installed which 
permits the transfer of samples under vacuum conditions between the EARISS 
system and other surface analytic systems at the university. 

The sample can be heated in situ with a Riber TUM DlO oven. In our 
present confi.guration sample temperatures of 600 °C have been reached. A Leybold 
IQE12/38 sputter ion gun is mounted for cleaning the surface. Inert ga.s ion beams 
with energies up to 5000 eV can be used for sputtering. The residual gas can be 
analyzed using a. Balzers quadrupole ma.ss spectrometer (QMS311 with a QMA140 
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analyzer). 

4.2 The 2-dimensional detector 

4.2.1 Construction of the detector 

In the previous section, a detailed description of the two-dimensional position sen
sitive detector was postponed. This will be given here, together with the arguments 
which led to the choice of the present detector. 

Since the resolution of the analyzer is 1 % in energy and a.zimuth, the position 
of the ion leaving the analyzer should he determined preferahly with the same 
accuracy of 1 %. In the detection two questions have to he addressed: firstly, how 
to get a measurable signal from one ion without losing its positional information 
and secondly, how to read out the positional information from the obtained signal. 

Channel electron multiplier plates. 
The first question, that is, how to get a measurable signal from one ion without 
losing its positional information, can be answered thanks to the availahility of 
channel electron multiplier plates or channel plates [8]. A channel plate is a thin 
glass plate perforated transversely with a fine pattern of narrow channels. To give 
an idea of the dimensions, the two channel plates used in the EARISS detector are 
1 mm and 0.5 mm thick, respectively, the channel diameter being 12.5 µm. The 
pitch diameter is 15 µm, so that the channel plate has an open area of ahout 60%. 

The walls of the channels are coated with a high resistance material. The 
emission coefficient for secondary electrons of this coating material is greater than 
one. A high voltage, typically 1 kV, is applied over the channels. When a particle 
hits the wall of the channel, several electrons will he released. These electrons 
will he accelerated towards the end of the channel, thereby releasing more a.nd 
more electrons at every collision with the wall. An electron avala.nche occurs. 
The amplification of channel pla.tes is in the order of 103-104, depending on the 
applied voltage and the length to diameter ratio of the channels. Because the 
amplification takes place in a. very narrow channel, the position of the incident 
particle is preserved. 

The a.mplification can be enlarged if two channel pla.tes are used in series [9]. 
Electrons leaving the first channel plate initia.te an electron cascade in the second 
channel plate. If ma.ny electrons a.re exciting the sa.me channel, amplification ma.y 
lead to such a large electron density in the channel, tha.t space charge effects start to 
play a. role. The spa.ce charge in the cloud hecomes so high, that electrons emerging 
from the wall are repelled, the increase of number of electrons in the cloud being 
less. This is called space charge saturation. In the pulse height distribution of 
output pulses a pronounced peak of pulses with a preferred total charge is visible. 
In detection systems -such as the one used in the EARISS appara.tus- this can 
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be advantageous because it simplifies the separation between signa! and noise. 
Moreover, as will become clear in section 4.2.1, a small spread in charge cloud 
content is profitable for an accurate operation of the collector. 

There is a price to be paid for the high gain obtained by positioning two channel 
plates in series. The gain begins to decrease sharply if the output current of a. 
channel exceeds 10% of the stationa.ry current in the channel [10]. This implies 
tha.t channels with a high gain can deliver less pulses per second. Another problem 
occurring at high gains is the possibility of ioniza.tion of residual gas a.toms due 
to the high electron density in the charge cloud. These ions can be accelerated 
back into the channel and generate a. new cascade of electrons. To reduce this ionic 
feedback, the channels of the two channel plates .in cascade are often pla.ced at a 
slight inclination with respect to the cha.nnel plate norma.l, and to ea.ch other, so 
tha.t the ions ca.nnot penetrate too deep before hitting the wa.11. This limits the 
dista.nce in the cha.nnels over which a feedback cascade can be a.mplified, thereby 
reducing also the number of electrons due to ionic feedback. 

The fa.et that the number of electrons in a doud depends on the penetra.tion 
into the channel of the prima.ry pa.rtide has a.nother important consequence. Ions 
which leave the a.na.lyzer a.rrive at the first cha.nnel pla.te under a certain angle 
(see fig. 4.1), There will be ion trajectories which go straight into the channels, 
thus reducing the sensitivity at the corresponding positions. If the cha.nnels of the 
first channel plate have an indination with respect to the normal, this variation in 
sensitivity occurs as a. function of azimuth. On the contra.ry, if the cha.nnels are 
norma.l to the cha.nnel plate surfa.ce, the sensitivity becomes a function of energy. In 
genera!, the energy distribution of the scattered ions shows sha.rp peaks, while the 
a.zimuthal distribution can be rugged. This makes it easier to recognize intensity 
variations caused by the detector if they occur as a. function of energy. Therefore, 
the first cha.nnel plate in the EARISS apparatus bas its cha.nnels normal to the 
cha.nnel plate surface. Consequently, the second channel pla.te has its channels at 
an inclination with respect to the normal for reducing ionic feedback The expected 
variation of the sensitivity in radial direction has indeed been observed [11]. 

In the EARISS system, Philips-Mullard channel plates, with some a.daptations, 
are used, Gl2-46DT/O for the first pla.te and G12-46 for the second plate. 

Position sensitive collectors. 
The second problem to be solved is to determine the positions of the electron 
clouds. Severa.l solution to this problem, each with their own merits and drawbacks, 
have been developed in the past time. A review of electronic readout systems for 
cha.nnel plates was given by Gethyn Timothy [12]. A few of them, which illustrate 
the a.rguments for the solution chosen for the EARISS appara.tus, will be discussed 
here. 

One of the possibilities to determine the position of a charge cloud is the use 
of a separate charge collector for every pixel. In the case of a desired resolution of 
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1 % in both directions, this would require 104 collectors. For the readout of these 
collectors, a.n equal amount of amplifiers and signal processing units are required. 
Taking into account that the collector should be placed in vacuum, and realizing 
that this would imply also 104 feedthroughs, it is easily seen that the pixel array 
is not a. realistic solution for use in the EARISS apparatus. 

A solution with only four contacts is the resistive anode. In fact, this is a 
conducting layer with contacts at four sides. The position is determined by the ratio 
of the signals mea.sured at the four contacts; these signa.Is depend on position, since 
the resistance from the charge cloud position to each output contact is different. 
Resistive anodes have successfully been used in position sensitive detectors [13]. 
However, since the collector of the EARISS detector must have a hole in its center 
to let the primary beam pass, this solution was also rejected, beca.use the presence 
of the hole spoils the positional information. 

The conception of the collector used in the EARISS a.pparatus originated from 
Anger, and was described by Martin et al. [14]. lt consists of well-conducting 
metal strips on an insulating substrate. In principle, two kinds of strips (A and B) 

c c 
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Figure 4.5: Schema.tic representation of the wedge and strip collector. ( a.) The orthogona.I 
geometry and (b) the pola.r geometry. 

are present (see fig. 4.5a): one kind gets wider in one direction, but keeps the sa.me 
width in the other direction perpendicular to the first, while the reverse holds for 
the second kind. The strips of the sa.me kind are all interconnected. The position 
of the electron cloud can be determined by mea.suring the charge collected on each 



4.2. The 2-dimensional detector 41 

set of strips. From these charges, the position of the center of the charge cloud can 
be determined. It is obvious tha.t the dimension of the charge cloud rela.tive to the 
avera.ge width of the strips must be so large tha.t a few strips of the sa.me kind are 
covered. If, for exa.mple, the charge cloud is of the sa.me dimension as the width 
of the na.rrowest strip, the sa.me position will be mea.sured from all positions where 
the charge cloud falls completely on a strip of the sa.me kind. 

Because of the demand fora. hole in the middle of the collector, the sketched 
geometry is not useful in the EARISS appa.ratus. However, the concept of charge 
collecting strips rema.ins useful. A suggestion of a. design in polar coordina.tes was 
given in [14] (see fig. 4.5b). This design, however, ha.sa few drawbacks, sketched 
below, which were the motive to come to another design, ba.sed on the sa.me prin
ciple. 

The sic/de and ring collector. 
A new design for a collector (see fig. 4.6) was developed by I<nibbeler et al. [5, 15). 

Figure 4.6: Schema.tic representation of the collector. The ground strips, which are 
located in between the A and B strips, are not shown. 

In stea.d of wedges and strips, sickles and rings were used. The adva.ntages of 
this geometry over the wedge and strip geometry can be summarized a.s fellows 
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[15]. (a.) The wedge and strip configura.tion has 144 sets of strips whereas the sickle 
and ring has only 14. This makes the manufacture of the latter easier. (b) The 
distance a.long which the signa! strips run parallel to ea.ch other is about a quarter 
shorter in the sickle a.nd ring geometry; this makes the coupling capacitance, and 
thus the cross talk bet ween two signa.Is, lower in this case. ( c) The possible signa.! 
varia.tion (this is the difference of maximum and minimum signa.Is to be mea.sured 
from one set of strips) is larger in the sickle and ring configuration. This gives a 
better signa.! to noise ratio. In addition, the signa.! variations are the sa.me for both 
sets of strips, wherea.s they are different in the wedge and strip collector. 

A schema.tic figure of the collector is shown in fig. 4.6. The A strips are used for 
the azimutha.l position determination, and the B strips for the radial. In practice, 
the A and the B strips are separated by grounded strips to reduce the coupling 
ca.pacitance (see fig. 4.7). The coupling ca.pacitance between the A and the B 

' ground / 
strips'•, 

azimuth 
strip 

Figure 4.7: Schema.tic representa.tion of one set of strips of the collector (not to scale). 
The width of one set is 1 mm. The set consists of -from inside to outside- a radius 

strip, a. ground strip, an azimuth strip and a. ground strip. The azimuth and radius strip 
go over in the corresponding output wedges, indica.ted by A and B respectively. The 
connection of the ground strips to their output wedge G is made by pressure bonding of 
thin gold wires. 

strips is about 3 pF. Since the operation of the EARISS ana.lyzer requires that it 
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must be possible to put the collector at high volta.ge (~ 5 kV) it is impossible to 
connect the collector directly to ground. A separation capacitor should be used. 
In the present setup a. commercial ceramic capacitor (Eurofara.d TCK285, 12 nF) 
has been stripped of its synthetic coating and bas been mounted directly on the 
back of the collector. 

In fig. 4. 7 one complete set of strips is shown. The width of both the ra.dius 
and the azimuth strips varies between 40 µm and 380 µm. The total width of one 
set of consecutive strips (radius, ground, a.zimuth, ground) is constant: 1 mm (see 
fig. 4.7). The spacing between two adjacent (ra.dius/a.zimuth and ground) strips 
is 40 µm. Within one set, 0.5 mm is used by a ra.dius strip and a. ground strip. 
The width of the ground strip is determined by the width of the ra.dius strip: the 
total width (including two times a 40 µm spa.cing) must be 0.5 mm. The other 
0.5 mm in one set is used in the sa.me way by an azimuth and a ground strip. A 
segment of 19° bas been reserved for the output wedges (see fig. 4.7) of the ra.dius 
and a.zimuth signals and for the grounding (middle one). The electrical connection 
between the ground strips and the corresponding output wedge bas been ma.de by 
pressure bonding of thin gold wires. The entire pattern on the collector consists 
of 14 sets of strips. The ra.dia! extension of the pattern is from 9 mm to 23 mm, 
while the a.zimuthal range is 341°. 

Position information can be lost if part the charge cloud falls outside the col
lector. Therefore, the radial position of the charge cloud is limited to the range of 
11 mm to 21 mmj the a.zimuthal range is limited to 320°. 

Constroction of the detector unit. 
The collector is mounted in the detector unit whkh also holds the two channel 
plates (see figs. 4.8 and 4.9). 

collector 
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Figure 4.8: Schematic cross-section of the detector unit (not to scale). See also figure 4.9. 
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Figure 4.9: Schematic exploded-view figure of the detector unit (not to scale). See also 

figure 4.8. 

The charge cloud, produced by an ion hitting the first channel plate, spreads 
over the second channel plate. The radius of the charge cloud entering the second 
channel plate depends on the width of the gap between the two channel plates 
and the voltage over it. In the case of the EARISS apparatus, the second channel 
plate should operate in space charge saturation. Therefore, the radius of the charge 
cloud entering the second channel plate should be so small, that enough electrons 
enter in one single channel, so that space charge saturation is reached there. In 
practice, at a gap width between the channel plates of 100 µm and an interplate 
voltage of 200 V, the radius of the charge cloud at the second channel plate will be 
about 30 µm. The excited channels will amplify the electrons and a charge cloud 
of typical 2x107 electrons leaves the second channel plate. The charge cloud is 
accelerated towards the collector, thereby expanding due to its own space charge 
and the initia! velocity of the electrons away from the charge cloud center. 

Due to the statistica! nature of the amplification in the channel plate, there 
will be a spread in the amount of charge in a charge cloud. Since the position is 
determined from the charge on a set of strips, a spread in the charge in the cloud 
would disturb the positional information. Therefore, the measured signals from 
the collector are normalized to the total charge in the cloud. In principle one could 
measure this total charge by adding the sum of charges measured on the radius, 
azimuth strips and ground strips. However, Knibbeler [5] has shown that the total 
charge can also be obtained from the pulses that occur in the power supply wires 
of the channel plate at the moment the charge cloud leaves the plate. This solution 
has been used. 

Before entering upon the construction of the detector unit a few remarks will be 
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made on the functioning of this unit (see figs. 4.8 and 4.9) After the conversion of 
one ion into a cloud of electrons by the two channel plates, the charge cloud enters 
a drift space between the second channel plate and the collector (see fig. 4.9)1• In 
this drift space, the charge cloud expands before it falls onto the collector. The size 
of the charge doud on the collector is determined by the voltage between second 
channel plate and collector and the length of the drift space (7 mm). In order to 
let the charge cloud expand uniformly, the electrical field between second channel 
plate and collector should be homogeneous in the region where the charge clouds 
pass. The equipotential planes should be parallel to the second channel plate and 
the collector. Therefore, side effects at the inner and outer side of the drift space 
should be minimized. 

The construction of the detector unit is as follows At the inner side of the de
tector, near the central axis, side effects have been avoided by placing a resistive 
ruthenium oxide layer between second channel plate and collector. The same volt
ages as are applied on the second channel plate and the collector are applied on the 
two ends of this layer by means of gold contacts. At the outer side, a ruthenium 
oxide layer was very difficult to apply, so another solution had to be found. Three 
thin electrodes have been mounted at equal spacings between second channel plate 
and collector. Voltages on these electrodes are applied via a voltage divider, for 
which the resistive layer at the inner side of the detector is used. The connection of 
the resistive layer to the electrodes has been made by three thin gold wires, which 
were twisted around the resistive layer, and pass to the outer side at the same 
azimuth as where the output wedges are situated. The distance between the elec
trodes and the region where the electrons pass is so large, that the inhomogeneity 
due to this discretization of potential has faded away. 

The resistive ruthenium oxide layer is applied onto a special glass tubule. Be
ca.use the manufacturing of this layer took a long time, some experiments have been 
performed with a bare quartz tubule instead. In this case, the contacts with the 
gold wires have been conveyed to outside the vacuum, where the voltage divider 
has been made. As will be shown in the section on the test system for the detector 
(section 4.2.3) this is not an ideal situation, because the quartz tubule will charge 
up when it is hit by electrons. 

1This part of the detector unit has been changed with respect to the conflguration described 
in chapter 3 (see fig. 3.1). The distance between second channel plate and collector bas been 
shortened. Also, in the present conflguration (see text) only at the inner side of the detector a 
resistive layer is used. The term resistive layer will be used in the following in stead of the term 
oonducting layer in chapter 3. 
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4.2.2 Theoretica! performance of the detector. 

Introduction 

In order to understand the operation of the detector better and to get an idea of the 
influence of various parameters -such as charge cloud radius, acceleration voltage 
between second channel plate and collector, total charge in the electron cloud etc.
computer simulations have been made of the operation of the detector. 

Early experiments (see chapter 3 and [11]) suggest that the radius of the charge 
cloud, denoted by R, which falls on the collector is of great influence on the mea
sured signals. Since the generation of a charge cloud by the channel plate is a 
statistica! process, there will be a spread in energy of the electrons and in their 
angle of emission with respect to the channel plate surface. Besides, the number 
of electrons in each charge cloud will vary. For these reasons, it is to be expected 
that there will be a variation of charge cloud radii at the collector. 

This section and the next one on the test system for the detector (see page 57) 
will concentrate on the detector, without considering its specific use in the EARISS 
apparatus. Since, in genera!, the radius signa! does not necessarily have a relation 
to energy, the results of the simulations will be given in terms of radius (r) and 
azimuth (<p). 

The simulations, as presented in this section, can be divided in two parts. The 
first part deals with the performance of the collector. The possible ranges of the 
normalized signals Qr/QT and Q"'/QT have been calculated as a function of R. 
Knowledge of these ranges is of paramount importance for a correct in.terpretation 
of measured data. 

In the second part of the simulations, practically the same computer program 
was used to study whether the relation between measured position an real position 
of the charge cloud center is unambiguous as a function of R. From the above 
mentioned two simulations, it follows, as shown hereafter, that a very limited range 
of R-values is required for an accurate operation of the collector. 

Given the importance of strictly reproducible R-values, a computer study was 
clone to simulate the expansion of the charge cloud. The infl.uence on the charge 
cloud radius at the collector of the average energy of the electrons, the angle of 
emission with respect to the channel plate surface normal, the total number of elec
trons in the charge cloud and the acceleration voltage between second channel plate 
and collector has been subject of investigation. The simulations on the expanding 
charge cloud and on the operation of the collector are very useful in understanding 
the measured data. 

The simulation program 

The simulation program for Q,- and Q"'-signals calculates the charge collected by 
the r and <p strips for a given charge cloud, having a charge density profile with 
the center of charge at a certain position (r0 , <p0 ). If this is done wlth the same 
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charge cloud, at various positions (re, !f'c) distributed over the collector area the 
possible values for Q,/QT and Q"'/QT can be found. On the other hand, leaving 
the position of the center at the sa.me place and va.rying the charge doud radius R 
gives information on the sensitivity of the measured signal to variations in R. It 
is important to notice, that only the extension a.nd not the charge content of the 
charge cloud is investigated here. 

In the program, the collector is described in terms of polar coordinates with a 
radius from 9 mm to 23 mm and a.n azimuth of 0° to 341°, corresponding with the 
area. of the collector where strips have been applied. In a.ccordance with the real 
pattern on the collector, which is the mirror image of fig. 4.7, the azimuth is taken 
clockwise. The fourteen sets of strips are numbered from 0 through 13. The width 
w, of a radius strip (in mm) can then be written as 

. 0.340 
w, = 0.040+i. ~· (4.1) 

where i is the set number (0 :5 i :5 13). The width w'I' in mm of a.n azimuth strip 
can be found from 

0.340 
w'I' = 0.040 + ip • 

341 
, 

where \0 is the azimuth in degrees (0° :5 \0 :5 341°). 

(4.2) 

To reduce edge effects, the area from which electrons are emitted from the 
cha.nnel plate is taken smaller than the total area of the collector. The second 
channel plate emits pulses in the range of 11 mm :5 r :5 21 mm and 10.5° :5 ip :5 
330.5°. In the following, the region ·on the collector with the sa.me ranges for r and 
\0 will be called the active region of the collector. 

In the simula.tion, the center of a. charge cloud will be positioned somewhere 
in the active region of the collector. Then, the charge collected on the fourteen 
radius- and a.zimuth-strips will be calcula.ted. From these charges, the position 
can be found by normalizing these to the total charge in the charge cloud. If 
the collector operates correctly, this calculated position should be the sa.me as the 
position of the center of the charge cloud. 

The ranges of possible results of the normalized signals can be found when 
a.pplying a. fine mesh of input positions over the a.ctive region of the collector. 

To be able to calcula.te the charge collected by the strips on the collector, the 
charge density profile of the charge cloud must be known. Because no mea.surements 
of this profile are a.vaila.ble, it is a.ssumed that the charge cloud a.t the collector ha.s 
a. gaussian charge density profile, which was also suggested by Martin et al. [14], 
in radial direction (FWHM = 2u) and that the cloud is rota.tional symmetrie. If 
the position of the center of the charge cloud is denoted by r'c the charge density 
q(r) can be written as (assuming a. maximum radius of the cloud of R) 

(;;'\ = { C [exp (- 1
';;;

1
,) - exp (-::!~)) lf'- rel :5 R (4.3) 

q r / 0 lr - r'cl > R ' 



48 Chapter 4. Energy and angle resolved ion scattering spectroscopy 

where 

c = ( ( 2)). 27ru2 1-exp(-~) 1+0.s(~) 
(4.4) 

By modeling the charge cloud in this way, one circumvents the problem of the 
infinite tail of the true gaussian. If Ris taken to be 3.25<; -as was done in all the 
calculations- 99.5% of all charge of the true gaussian is a.ccounted for. 

The charge which falls on a strip can be found by integrating the charge density 
profile over the area of the strip (see fig. 4.10). The charges on all strips of the 

q(r) 

R =: 3.250' strip 3.25u -+ r 

Figure 4.10: Schematic one-dimensional representation of the charge collected by a strip. 

In the simula.tion a rotationally symmetrie charge density profile is assumed. 

sa.me kind, either radial or azimuthal, are added to give the total radius· or azimuth 
signa!. 

In our circula.r configuration special attention must be paid to the ranges of 
integration in the azimuth direction of charge clouds ha.ving a large radius (see 
fig. 4.11). Fora given charge cloud center (rc,'Pc) the integration boundaries for 
the azimuth are given by 'Pc - 6.r.p and "Pc+ 6.r.p, where D.r.p is given by 

sin 6.r.p 
R 

R < ir'cl, = 1r::1 
R2 

- (lr::l2 + lrm;,.12
) 

(4.5) 
cost:::.r.p = 

21r'cll~ïnl 
R !::: !rel. 

where l~ïnl is the minimum radius of the collector, in our case 9 mm. In both 
cases the integration limits are set to 0° or 341° for 'Pc - Ó.<p < 0° or r.p" + D.r.p > 
341° respectively, so no charge will be accepted outside the area of the collector. 
This implies that charge which falls on the output wedges is not included in the 
simulation. 

The numerical integration is done using a 32-point Gaussian quadrature (16]. 
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Figure 4.11: The range l:!.cp in integration over the azimuth. The center of the collector is 

positioned at 0. (a.) The charge cloud does not extend beyond the center of the collector 

(R < lf'.:IJ. (b) The .charge cloud extends beyond the center of the collector (R 2: jr0 J). 

The imaging of the collector 

With the simulation program the image of the active region of the collector in terms 
of Qr/QT and Q'P/QT bas been calculated for various values of R (see fig. 4.12). It 
can clearly be seen, that only for a restricted range of R-values (from ::::::2.0 mm to 
::::::3.5 mm) a rectangular pattern can be achieved. 

Charge clouds with R < 2.0 mm exhibit a discrete pattern, indicating that the 
charge cloud covers too little strips. In the case of charge clouds with a. too large R, 
for example R = 5.0 mm, a. part of the cloud can be situated outside the collector, 
and is therefore disca.rded. For reasons which will become clear in a. moment (see 
page 53), tbis causes the measured positions at the edges to differ from the real 
positions. See, for example, the right edge of the patterns for R 2: 3.5 mm. 

Experimentally the existence of patterns with a too large or too small R ha.s 
been observed. The la.tter case is presented here {see fig. 4.13), the earlier will be 
shown in the section on the test system for the detector (see fig. 4.25). 

In the situation, which was outlined in the previous chapter the distance be
tween second cha.nnel plate and collector was far too large. In the early experiments 
this allowed the charge cloud to expand too much. In this case, an illumination 
of the complete collector was a.chieved in the following way. In an experiment of 
Ne+ ions backscattered from a polycrystalline Pt target, the acceleration voltage 
was adjusted in such a way, that the Pt peak is not displayed within the energy 
window, so that no peak is visible. The measured counts originate from the back
ground signal in this experiment. The correspondence of the measured pattern (see 
fig. 4.13) with the calculated shapes at high va.lues of Ris clear. 
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Figure 4.12: Calculated ranges of signals Q"/QT and Q"/QT for various values of R 

(see text). 
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Figure 4.13: Measured pattern of the collector with a too large charge cloud (see text). 
Black represents the bigbest intensity. 

From the patterns in fig. 4.12 the behavior of the collector at the edges can 
be observed. If boundary effects for low and high a.zimuth are neglected for the 
moment, it can be seen from the patterns in fig. 4.12 that for small radii, the 
measured radius increases with increasing R. For large radii, the measured radius 
gets smaller with increasing R. This can be seen more clearly from the curves in 
fig. 4.14. The measured signals as a function of the size of the charge cloud have 
been calculated at fixed charge cloud center position. Six sets of data have been 
computed. For three sets, at tp = 10.5°, 170.5° and 330.5°, the radial position of 
the charge cloud center was increased from 11 mm to 21 mm in steps of 0.5 mm. At 
each position the measured signals for r and tp have been calculated as a function 
of R. Three similar data sets have been calculated at fixed radial position (11 mm, 
16 mm and 21 mm) and varying tp in 20 equal steps. 

From the results of the simula.tions (see fig. 4.14) some remarka.ble conclusions 
can be drawn. Firstly, it can be seen that in certain cases the measured center of 
the charge cloud differs from the a.ctual center. This follows, amongst other things, 
from the variation in measured signa} within one curve. This difference can be 
understood by a simple consideration concerning the operation of the collector. 

For the sake of the argument consider the case in fig. 4.15a first. In this case 
an orthogonal rectangular collector pattern is assumed, the two directions being 
denoted as x and y. In this case, the lines of constant x are straight lines. For 
a. circula.r charge cloud with its center at Xc equal a.mounts of charge fall on both 
sides of the line x = Xc, regardless of the size of the charge doud. In the case of the 
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Figure 4.14: Calculated signals S for r or t.p in terms of Q ~ / QT or Q cp/ Qr, respectively, 

as a. function of R (see text). 
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Figure 4.15: The difference in position determination between the wedge and strip col

lector (a) and the sickle and ring collector (b). Equal areas are found on both sides of 

the line of constant x ( a) but not on both sides of the line of constant r (b ). 

EARISS collector the lines of constant rare circles (fig. 4.15b). For any circular 
charge cloud (with a center ra.dius of re) more charge will fall at r > re than at 
r < re. For this reason, the measured radius will always be larger than the ra.dius 
at which the charge cloud center really is located. 

As long as the charge cloud is entirely on the collector, the measured azimuthal 
position is the right one, because lines of constant cp are straight lines. If the charge 
cloud is only partly situated on the collector, a too small azimuthal position will 
be measured. 

The above mentioned difference between r- and <p-signals becomes clear if parts 
of fig. 4.14 are enlarged. The curves chosen are those with r = 16 mm and cp = 
170.5°, both in the middle of their range. The measured r- and cp-signals as a 
function of R can be seen in fig. 4.16. By means of a simple calculation it can 
be verified that the correct cp-signal is measured, i.e. 0.21QT. This value is the 
average of the maxima! possible Q.,.-signal (0.38QT) and the minimal possible Q<P
signal (0.04QT ). This signal is constant for a large range of charge cloud radii R, as 
expected, until it falls off at large R-values, where parts of the charge doud extend 
beyond the edge of the collector. 

The reason why the measured and real position of a charge cloud which fa.lis 
partly outside the collector differ is that for. the deterrnination of the position the 
charge measured by each of the sets of strips is normalized to the total charge in 
the charge doud. As was already stated before (see page 44), this total charge 
is not measured on the collector, hut from the power supply lines of the second 
channel plate. If the charge cloud is situated pa.rtly outside the collector, the 
charge collected by the strips is normalized to a too large total charge, resulting in 
a smaller measured position. 

From fig. 4.16 it can clearly be seen that the r-signal is larger than 0.21QT 
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Figure 4.16: Mea.sured signa/ for rand cp in terms ofQr/QT and Q<P/Qi, respectively, 

as a function of R. The position of the charge cloud center is r = 16 mm and cp = 170.5°. 

(minimal and maximal possible r-signals are also 0.04QT and 0.38QT, respectively) 
for all R, and that the measured position is not constant as a function of R. This 
limits the possible accuracy with which a center can be measured, since there will 
always be a spread in charge cloud extension. However, in practice it will appear 
that this does not cause serious problems. 

The second conclusion which can be drawn from fig. 4.14 is that for a large 
range of R-values there are positions on the collector where the imaging of the 
collector is not unambiguous. At large or small R-values, the same position may 
be measured for different center positions. lt can only be said to what extent this 
influences the operation of the entire collector, when more is known about the real 
radius of the charge cloud at the collector. If the spread in R-values is large, only a 
very limited part of the collector can be used to measure the position unarnbiguous. 
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Model for the charge cloud radius 

From the previous section it has been seen that the radius of the charge cloud is of 
paramount importance for an accurate operation of the two dimensional collector. 

In this section a model will be presented to estimate the cha.rge cloud radius at 
the collector. With the computer program based on this model, the influence on 
R of for example the total charge in a cloud or the acceleration voltage between 
second channel plate and collector can be investigated. 

The basic idea bebind the calculation is that R can be found by calculating the 
position at the collector of an electron, which, when leaving the second channel 
plate, is at the edge of the cha.rge cloud. This electron experiences a force from the 
acceleration voltage towards the collector and a repulsive Coulomb force from all 
the other electrons in the cloud. To be able to calculate the position of the electron 
at the collector, its initia! energy as well as its emission angle with respect to the 
channel plate normal should be known. For the moment it is assumed that va.lues 
for these parameters are available. The choice of the values used in the calculations 
will be explained in the next section. 

lt is assumed that the charge cloud leaving the second channel plate has a 
rotationally symmetrie gaussian charge density profile, which was also assumed 
for the charge cloud falling onto the collector in the previous sections. At the 
channel plate this charge cloud alrea.dy bas some extension, at least ha.ving a radius 
corresponding to one channel. More probably, the charge cloud leaving the second 
channel plate will be more extensive, since due to the drift space between the two 
channel plates a number of channels will be excited by electrons from the first 
channel plate. The charge cloud contains QT electrons, this is the charge needed 
for normalizatión of the signals measured at the collector. The u of the gaussian 
charge density profile (see eq. 4.6) is taken from the charge cloud radius by dividing 
the latter by 3.25. 

The repulsive force from all electrons (minus one, which is ignored) in the cloud 
acting on the electron on the edge of the cloud (at distance R from the center) can 
be written as (see fig. 4.l 7a): 

2 R 2" ( ) a 
F = _e_ j j rq r cos JJ drd 

411'fo 12 '{), 
0 0 

where R = 3.25u and q(r) is the charge density profile: 

q(r)= { ~[exp(-~)-exp(-~)] 

with 

r $. R 
r>R 

(4.6) 

(4.7) 

(4.8) 
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Figure 4.17: ( a) Representation of angles and distances for the calcula.tion of the repulsive 

Coulomb force of the charge on the edge electron. (b) Principle of the model to include 
the spatial distribution of the charge in the charge cloud in the simulation (see text). 

Using the sa.me para.meters as taken by Smith [17] similar va.lues for Rare obta.ined 
at the collector. However, Smith also mentioned the fact that this radius is too 
large to agree with experimental observations. The explanation for the too large 
radius, as given in the following, lies in the spatial distribution of the electrons. 

In the model as described above, it is assumed that all electrons are in the 
sa.me z-plane, where z is the direction from channel plate to collector. However, 
not all èlectrons are released from the second channel plate at the sa.me moment. 
Therefore, a spa.tial distribution of the charge in the cloud will occur in the z. 
direction. This spatial distribution reduces the repulsive force between the edge 
electron and the others, since the distance between the charges will be larger. 

Guest [18] has simula.ted the electron cascade in a single channel plate. From 
his computer simulations it can be estimated that the distribution of electrons 
in time is gaussian with a standard deviation of <1t and that the electron density 
can be taken zero at 2.25<1i. For <1t Guest found a value of the order of 0.1 ns 
for a single channel plate. An experimentally determined indication for the time 
spread of the electrons in the saturated channel plate was given by Wiza (8]. He 
found a pulse width of less that 1 ns, with a rise time of less than 0.5 ns. The 
time distribution of the electrons can be translated in a spatial distribution in 
the z-direction (with a standard deviation of <1z) with the known velocity of the 
electrons in the z-direction. In the simulation the velocity towards the collector is 
determined from the energy and emission angle of the edge electron. To include the 
spatial distribution in the simulations the force acting on an electron is ch.anged. 
It is assumed that the charge at a point (r,rp) (see fig. 4.17a) is smea.red out in 
the z-direction (see fig. 4.17b). lt can easily be deduced, that in this case, with a 
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ga.ussian charge density profile in the z-direction, the force a.cting on a.n electron 

must be written a.s: 

2 R. 2'11' [ R. l '( ) l 
F = 4:4' j j r j ( 12 ! z:)t.s dz cos {ldrd'{>, 

o o -R. 

(4.9) 

where R" = 2.25u" a.nd 

( 4.10) 

with 
C' = q(r) 2 • 

2?ru~ ( 1 - exp (-~) (i + 0.5 (~) ) ) 
(4.11) 

The prime in q'(z) is used to distinguish between q'(z) a.nd q(r). In the next section 
it will be shown that this computer model can be used to expla.in measurements 
made on the detector. 

4.2.3 The test system system for the detector 

In order to test the detector unit as such, it was mounted in a separate va.cuum 
vessel. Above the first cha.nnel plate, at a large dista.nce, a filament was mounted 
(see fig. 4.18). This filament provides the electrons which should irradiate the 
complete active region of the first channel plate homogeneously. In this way signa.Is 
with all possible r-<p combinations will be generated. lf the detector operates 
a.ccurately this should lead to a rectangular pattern in the r-ip diagram. To test 
the imaging properties of the collector, certain parts of the cha.nnel plates ca.n 
be sbielded by means of masks to prevent electrons entering certain well-defined 
places of the channel pla.te. The shielded a.reas should then become visible in the 
measured pattern. The con:figuration of the masks, as chosen, is given in fig. 4.19. 
The three masks ea.ch cover an azimuthal range of 60° and a radial range of 5 mm. 
In radial direction, at azimuths where parts of the channel plates are shielded by 
the masks, half of the mea.sured pa.tterns should be shadowed. In azimuthal sense, 
the unirradiated places in the measured pattern should be twice as wide as the 
intermedia.te irradiated ones. 

Measurements ma.de with the test system. 
From the measurements made with thetest system, two series will be discussed. In 
both series the influence of the voltage between second channel plate and collector is 
examined. Both series were done with the masks in the above mentioned geometry 
(fig. 4.19) on the first channel plate. As will become clear below these measurements 
are very useful in gaining insight in the performance of the detector. 
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Figure 4.18: Schematic representation of the test system for the detector. The distance 
between filament and first channel plate is about 35 cm. All parts are pla.ced in vacuum. 

The measurements were performed as follows. Firstly the distribution of elec
trons over the first channel plate was made a.s homogeneous a.s possible. It turned 
out namely, that the electron distribution as it wa.s generated by the filament wa.s 
far from homogeneous. The homogeneity of the distribution wa.s optimized by 
pla.cing magnets along the path from filament to channel plate. The count ra.te 
on the channel plate could be tuned by applying a retarding voltage to the grid 
(see fig. 4.18). The different measurements within one series were:done at the 
sa.me count ra.te and mea.suring time. Moreover, the amplifiers for the Qr·, Qip· 
and QT·signals were adjusted in such a wa.y tha.t the measured pa.ttem is found at 
rela.tively high Qr/QT and Q'fl/QT va.lues, thus distributing the mea.sured va.lues 
over a larger number of channels in the MOA memory. The first series consists of 
12 patterns at va.lues of the channel plate-collector voltage ranging from 56 V to 
1000 V. The measured patterns all showed a reasonable rectangular shape, indicat· 
ing that the expansion of the charge cloud is not too drastical. At theilow voltages 
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Figure 4.19: Representation of the positions of the three masks (shaded) in the test 
system for the detector .. The solid contour marks the a.ctive region of the detector. The 
area. in which the strips are a.pplied is ma.rked by the dotted contour. 

of 56 V and 100 V, the shape of the pattem changes in the way predicted by the 
pattern simula.tion program. More details on these patterns are not interesting a.t 
this moment. 

From these patterns the width in the r-direction was determined as a. fraction of 
the maximum possible widtb of a pattern as stored in the MCA (= 101 channels). 
The obta.ined widths are used to make a. connection between the mea.surements 
and the ca.lcula.tions. 

In fig. 4.14 it can be seen that the range of measured r-va.lues varies with R. 
For example, the possible va.lues of Qr/QT are limited to a small range for large 
charge clouds. Therefore, the r-t.p pattern should be narrow in the r-direction at 
large R (compare a.lso fig. 4.12). The radius of the charge cloud Ris, amongst 
other things, dependent on the voltage between second channel plate and collector. 
A varia.tion of the width in the r-direction of the r-<p pattern should therefore be 
observed when different voltages between second channel plate and collector are 
applied. With the before mentioned simulation programs, it should be possible to 
reproduce this variation by ca.lculating the radius of the expanding charge cloud 
for the specific channel plate-collector voltage, and then, using the R obtained this 
way, predict the possible range of r-va.lues. These should fit on the mea.surernents 
carried out with the test system. 

It is reca.lled, that the amplification factors of the Qr·, Q..,- and the QT-signa.ls 
were adjusted in such a. way, tha.t the pa.ttem is shifted to high numbered channels, 
in order to improve the accuracy of the mea.surements. These amplification factors, 
which are in practice hard to determine, and which a.re genera.By unknown, make 
it impossible to compare the measured widths directly with the ca.lculated widths. 
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This leaves a parameter, which should be used to fit the measured data on the 
calculated curve. 

The procedure to connect measurements and simulations is the following. Cal
culate the radius of the charge cloud for a certain well-chosen set of parameters as 
a function of the voltage between second channel plate and collector. With this 
radius, determine the width in the r-direction by use of the fig. 4.14, where the 
measured signals as a function of charge cloud radius are given. Next, determine 
the a.bove mentioned a.mplification factor by norma.lizing one of the measured to 
one of the calculated widths. The same factor should be used for all other widths. 

Values for the parameters used in the simulations. 
In the chatge cloud radius simulation program values should be given for the fol
lowing parameters: the total charge in the cloud a.nd its timespread, the avera.ge 
energy and maximum emission angle of the electrons, the distance between second 
channel pla.te and collector (7 mm) and the initia! radius of the charge cloud. 

Reasonable values for the average energy and maximum emission ~ngle of the 
electrons leaving the second channel plate are not easily obtained. Very little is 
known in the literature about these distributions. Suggestions for the energy and 
emission a.ngle of the electrons can be taken from measurements macle by Bron
shteyn et al. [19] and Koshida and Hosobuchi [20]. It follows from Bronshteyn's 
data, when extrapolated to our present configuration, that the distribution of emis
sion angles has a. gaussia.n shape with a half width of about 7°. This results in an 
estimate of 20° for the maximum emission a.ngle of the electrons. The energy of 
the electrons emitted a.t those angles is very low; a value of 20 eV, which can be 
found from Koshida and Hosobuchi [20] and which is also used by Fraser et al. [21] 
seems reasonable. 

With these two va.lues (20° emission a.ngle and 20 eV energy), and assuming an 
a.mplification of 2xl04 for the first channel plate (V cp1 = 1300 V, [10]) the radius 
of the charge cloud falling on the second channel pla.te can be determined, using 
the radius-simulation program. For a gap width of 100 µm and a gap volta.ge of 
200 V a. radius of the order of 30 µm is found. This radius is used as the initial 
radius for the expansion of the charge cloud between the second channel plate and 
collector. 

From the pulse height distributions of QT pulses leaving the second channel 
plate (the channel plate is in spa.ce charge satura.tion) it was found experimentally, 
that for the applied volta.ges over channel plate 1 (1300 V), gap (200 V) and cha.nnel 
plate 2 {1000 V) the charge per charge cloud varies between lx107 and 4xl01 

electrons with a mean of 2x101 electrons. This lat ter va.lue is used for the total 
charge in the determination of a suitable set of parameters. In later simulations this 
value is va.ried to account for the actual distribution of charges over the different 
clouds. By the way, the va.lue of 2x107 can also be estimated by considering the 
a.mplifications of the channel plates at the given voltages, and ta.king the detection 
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efficiency for electrons into account. 
The only unknown parameter in the computer program that remains is the time 

spread in the charge cloud leaving the second channel plate. Only a rough estimate 
concerning this spread fora saturated channel plate pulse could be found [8]. In 
this estimate, the time spread is about 0.5 ns. The time spread to be used in this 
case must be determined in an empirical way. 

Comparison between measurements and simulations. 
The width of the pattem in the r-direction as a function of the voltage between 
second channel plate and collector has been calculated for several time spread val
ues of the order of 0.5 ns. These widths are plotted in fig. 4.20. It appears from 
fig. 4.20, that the widths calculated with Cf't = 0.5 ns, which was also suggested 
from experiments of Wiza [8], give a fair correspondence with the measured widths. 
Because of the unknown amplifica.tion factor, the measured widths have been nor-
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Figure 4.20: Calculated widths for several values of Cf't in nanoseconds. The measured 
widths are given for comparison. 

malized to the ca.kulated, with the same factor for each channel plate-collector 
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volta.ge. 
Once a. va.lue for the time spread ha.s been found, the widths as a. function of the 

total charge in the charge cloud can be calcula.ted. This should be done, beca.use 
the patterns have been mea.sured with a. spread in the total charge per cloud. The 
calcula.ted curves for different va.lues of Qx, together with the mea.sured data. are 
shown in fig. 4.21. 
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Figure 4.21: Measured widths fitted with calculated curves for several Qx va.lues (indi
ca.ted value times 101 electrons). The time spread u1 = 0.5 ns. With QT = 2 x 107 

electrons, the calculated values for R vary from 1.5 mm at 1000 V to 6.0.mm a.t 56 V. 

Although the uncertainties in the measurements are relatively large, fig. 4.21 
shows that the genera.l tendency of the width of the pattern can be well understood 
by means of the simulations. 

The relatively large deviation from the data points at low voltages can be ex
plained by the following consideration. Beca.use the ma.nufacturing of a. suitable re· 
sistive layer took a long time, experiments have been ca.rried out with a. ba.re quartz 
tubule instead (see section 4.2.1). Three thin gold wires were twisted around the 
tubule at equal distances. These were connected to a voltage divider outside the 
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va.cuum, to diminish the inhomogeneity of the electrical field over the drift spa.ce. 
Since quartz is an insulator, it is to be expected to become charged. The electrons 
are forced away from the center of the collector, so that effectively not the whole 
collector is in use. This effect will be larger for the lower voltages between chan
nel plate and collector. The measured patterns shown further on in this section 
(figs. 4.22 to 4.25) indicate that this indeed takes place. 

Characterjstics of measured patterns. 
During the experiments, it became clear that rf-interference limited the detection 
of fine details in the measured patterns. After de-interferencing, the second series 
of measurements bas been made. In these measurements patterns were taken for 
channel plate-collector voltages of 300 V, 400 V, 600 V and 800 V (see figs. 4.22 
to 4.25). These patterns show much more detail than observed before. In 
these patterns the areas which result from the shadows of the three masks (see 
fig. 4.19) are dearly recognizable. The discrete lines, which were predicted by the 
simulations (see fig. 4.12) for small R (high channel plate-collector voltages) are 
also observed. Some other aspects of the patterns shown draw the attention. 

Firstly, the edge at the higher radius channels is not straight, but curved. This is 
caused by the inclination with the normal of 13 degrees of the channels in the second 
channel plate. Therefore, the average direction in which electrons are directed to 
the collector will not be normal to the channel plate surface,.but under an angle 
of 13 degrees with this normal. To understand the consequence of this, suppose 
that the offered signal would consist of electrons at only one radial position, but 
uniformly distributed in azimuth. This "circle of events" remains concentric with 
the collector until it leaves the second channel plate and is ejected in a direction 
corresponding to the direction of the channels in the second channel pla.te. When 
the collector is reached, the shape is still a circle, hut no longer concentric with the 
collector. The distance of the circle to the center of the collector, which is mea.sured 
by the collector as radius, shows an S-shaped (sinusoidal) curve as a function of 
azimuth. The above described thought experiment has been carried out in pra.ctice 
by scattering ions from a flat Cu target in the EARISS apparatus (see section 4.3); 
the scattered ions have a discrete energy and a uniform azimuthal distribution. 
The energy analyzer projects these on the detector as a ring concentric with the 
detector. From the shape of the measured pattern (see fig. 4.33) it can be learned, 
that the above described displacement really occurs. 

The absence of the S-shape at the inner edge of the patterns shown in figs. 4.22 
to 4.25 indicates the charging up of the quartz tubule. 

A possible solution to a.void the S-shape in a controlled manner is to use a 
channel plate witb channels perpendicular to its surfa.ce as last channel plate before 
the collector. However, this implies a configuration with three channel plates, since 
the first channel plate should also have its cha.nnels perpendicular to its surfa.ce (see 
section 4.2.1). The middlemost of the three cha.nnel plates should then have the 
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Figure 4.22: V ch.pl.-col. = 300 V. Black represents the highest intensity. For expla.nation 

see text. 
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Figure 4.23: Vch.pl.-col. = 400 V. Black represents the high.est intensity. For explanation 
see text. 
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Figure 4.24: Vch.p/.-ecl. = 600 V. Black represents the highest intensity. For explanation 
see text. 
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Figure 4.25: Vch.pl.-col. = 800 V. Black represents the highest intensity. Por explanation 

see text. 
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channels at an inclination to prevent ionic feedback. 
Secondly, the apparent width in the azimuthal direction of the mask at is la.rger 

low than at high azimuths. lt will be shown, that this is a direct consequence of the 
imaging properties of the collector. Also, the edges of the masks are not imaged 
in the sa.me way. The edges at low azimuth are sharp; at high azimuth they are 
vague, especially at high channel plate-collector voltages. 

Simulation of the measured patterns. 
It should be possible to reproduce the clear dependency of the measured images 
on the channel plate-collector volta.ge using a. combination of the two simulation 
programs. Given the voltage between cha.nnel plate and collector, the radius of 
the charge cloud a.t the collector can be calcula.ted. With this radius as input, the 
pa.ttern simulation program can calculate a pattern from the collector. The pa.ttern 
simulation program was modified, so tha.t the masks and the 13 degrees inclina.tion 
of the cha.nnels in the second cha.nnel plate are induded. 

The procedure which led to an image can be outlined as follows. The charge 
cloud is supposed to leave the second channel plate somewhere in the active region. 
Of course, the places covered by the masks are excluded. The number of clouds 
used in one simulation is 10,000. These were distributed over the active region 
( = channel pla.te area minus area covered by the masks) by means of a van der 
Korput distribution. The advantage of the van der Korput distribution over the 
random distribution of points is that the former yields a homogeneous distribution 
of the points over the area, whereas the latter shows spots with higher or lower 
density of points [22]. This implies that, for a certain minimal density of input 
points everywhere in the active region of the collector, fewer points need to be 
calculated when the van der Korput distribution is used. For a given value of Qr 
and a. channel pla.te-collector voltage the radius of the charge cloud leaving the 
channel pla.te is calculated at the collector. In one simulation the sa.me radius is 
assumed for all clouds. 

The center of the charge cloud, as genera.ted by the van der Korput number 
genera.tor, is positioned displaced on the collector. This displa.cement originates 
from the incorporation of the 13 degrees inclination of the channel pla.te in the 
simulation. It is calculated for the channel pla.te-collector voltage in question. 
The signa.Is (in terms of Q"/Qr and Q'P/QT) which are calcula.ted from the charge 
clouds with their centers at the above mentioned .positions are plotted. 

In summary, the following steps are taken to simulate a pattern: 

1. Calculate the radius of the charge cloud at the collector for the specific 

Vch.pl.-col. and QT• 

2. Genera.tea position in the active region (excluding the positions covered by 
the masks). 
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Figure 4.26: Simulation of the pattern mea.sured with the test system. Vch.pl.-col. = 
300 V. Black represents the highest intensity. 
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Figure 4.27: Simulation of the pattern measured with the test system. Vch.pl.-co/. = 
400 V. Black represents the highest intensity 
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Figure 4.28: Simulation of the pattern measured with the test system. Vch.pl.-col. = 
600 V. Black represents the highest intensity. 
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Figure 4.29: Simulation of the pattern measured with the test system. V ch.pl.-col. = 
800 V. Black represents the highest intensity. 
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3. Calculate the disp1aced position on the collector ( due to the 13° inclination 
of the channels of the second cbannel plate. 

4. Calculate the measured signa.Is for r and t.p. 

Steps 2 to 4 are repeated 10,000 times. 
The simulations were done for four different Qx values {1.0 x 107, 1.5 x 107, 

2.0 x 107 and 2.5 x 107 ) since the measurements were made with a broad pulse 
height distribution. Pulses with a la.rger charge occur in the measurements, hut 
these are neglected in the simulations. The four calcula.ted spectra at eacb cbannel 
plate-collector voltage were added with equal weights to simula.te the result of the 
broad pulse height distribution in Qx. From the results (see figs. 4.26 to 4.29) the 
characteristics of the measured spectra., sucb as "line pattern" and sha.rpness of 
edges, can be recognized. The line pattern becomes more dominant as the voltage 
increases, as does the vagueness of the edges at high azimuth masks. From the 
simulation at 800 V, it can be seen that the width of the mask at high azimuth 
will, in general, be smaller than the width at low azimuth. 

To conclude, it has been shown that the developed simula.tion software is useful 
for gaining a. better understanding of the performance of the collector. Qua.lita.
tively the tendencies can be expla.ined. However, to obta.in a better quantitative 
agreement, more research will be necessary. In pa.rticular, it will be important 
to get a more deta.iled knowledge of the charge pulses leaving the second c::hannel 
pla.te as to energy and angular distributions. Moreover, accurate measurements on 
the collector under well-defined circumstances can be useful to ga.in better defined 
experimental results. 

The simula.tions and measurements presented in this section are important to 
a. fundamental understanding of the operation of the detector. This knowledge ha.s 
heen of grea.t use for the accurate adjustment of the volta.ges on the detector unit 
in the EARISS a.pparatus. As will be shown in section 4.3, the detector ha.s been 
used successfully for simultaneous energy and angle resolved mea.surements. 

4.3 EARISS measurements 

In this section, the experiments done with the EARISS appa.ra.tus and their re
sults will be presented. The measurements ma.de with the test system indicate 
tha.t with the current configuration of the detector simultaneous energy and a.ngle 
resolved measurements will be possible. The detector was mounted in the EARISS 
apparatus. The energy and a.zimuthal resolution of the EARISS system ha.s been 
tested experimentally. The contents of this section can be summarized as follows. 
In the next part, the targets used and the experiments done will be described. 
Therea.fter, the results of the introductory measurements on Cu will be given. In 
conclusion, mea.surements on Ni to determîne the energy and a.zimuthal resolutîon 
of the EARISS system will be presented. 
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Targets and experiments. 
In order to test the apparatus, a test sample of known surf ace composition and sut
face structure should be used. To have an energy as well as an a.ngular distribution 
of sca.ttered ions, the Ni{lOO) + S surface was used (see fig. 2.8). In the NODUS 
setup, it was verified that in this particular sample S segregates to the surface (see 
fig. 2.4) at sufficiently high temperatures ( about 600 °C). The surface coverage of S 
was estimated to be about half a monolayer, which it should be [23]. The positions 
of Ni and S on the Ni(100)c(2x2)S surface are well known; S is known to reside 
about 1.30 À above the surface (fig. 2.8). From computer simulations it could 
be concluded on ballistic arguments that for the scattering of 2 keV He+ through 
145° with the EARISS apparatus a diminished Ni signa} should be observed in 
the [010] and the [001] azimuthal directions2• The Ni sample was mounted on a 
polycrystalline Cu target holder. 

The following experiments were perforrned. To be sure the detector operates 
properly, it was ascertained that, in contrast to the rneasurements presented in 
cha.pter 3 (see a.lso fig: 4.13), a recta.ngula.r pattern, as obtained with the test 
system, is observed when the complete collector is used. To be able to see this, a 
spectrum was made of the sputtered ions from the polycrystalline Cu target holder 
using 2 keV He+ incident ions. These sputtered ions have pea.ks at low energies of a 
few eV; their azimuthal distribution is likely to be uniform. Next, the acceleration 
voltage for the scattered ions was cha.nged so that the Cu pea.k is projected onto 
the detector. To check the width of the energy window, which should be 12 percent 
of the pass·energy of the analyzer, one has to change the acceleration voltage on 
the zoomlens (see section 4.1) with a known quantity. The Cu peak should then 
move in radial direction over the detector. From the different positions at known 
acceleration voltages, the total width of the energy window can then be determined 
experimentally. 

The use of Né incident ions gives the possibility to separate the Cu and Ni 
peaks. This can be used to determine the diameter of the spot at the target from 
which ions are a.ccepted experimentally, provided that the Cu and Ni surfa.ces are 
clean. By rnoving the sample under the analyzer from the Cu target holder to the 
Ni sample, this spot size can be determined by measuring the length during which 
both signa.Is are observed. 

The energy resolution of the system was tested by studying its possibility to 
separate the Ni isotopes by backscattering of N e+ ions. 

To test the azimuthal resolution, the Ni sample was heated to 600 °C to let 
S segregate to the surfa.ce. At this temperature, spectra were measured using 2 
keV He+ ions. For 2 keV He+ as primary ion the energy di:fference of the ions 
scattered from Ni a.nd Sis 293 eV. Using a pass-energy of the a.na.lyzer of 3000 eV, 

zThe computer program used has been written by C.A. Severijns. It calculates the tra.jectories 
of the ion a.fter scat tering in the Molière approximation of the Thomas-Fermi potential with the 
Firsov screéning length as a. sca.ttering potentia.l. Multiple collisions are included. 
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and a corresponding energy window of 360 eV, it will be possible to observe the 
Ni and S peaks simultaneously. The Ni signal should show an intensity variation 
as a function of azimuth. A decrease in Ni signal should be observed every 90°, 
as was explained before. The S signa!, however, should not show a.ny preference 
for azimuth, since S resides above the Ni surface, which implies that scattered 
ions find no obstacles on their way to the a.nalyzer. To be sure that the observed 
intensity variation is caused by the surface, spectra should be measured at different 
orientations of the sample, rotated around its nonnal. The intensity variations 
should rotate with the sample. Since the decrease in signa! repeats every 90° in 
this case, a rotation of 45° should give the largest difference in measured azimuthal 
distribution. 

Results of the experiments on Cu. 
The spectrum of sputtered ions measured using 2 keV He+ ions is shown in fig. 4.30. 
The pass-energy of the analyzer was 2 keV. The acceleration voltage had been set 
to 1.86 kV, so that the energy range of 20 eV to 260 eV was projected onto the 
detector. It should be noted here, that due to the principles of operation of the 
analyzer and detector, the low-energy side of the measured spectrum is found at 
the right hand side of the image. It can be seen that the distribution of sputtered 
ions over the azimuth is rather homogeneous, except for the high and low azimuths. 
It bas been experienced that the measured azimuthal distribution of scattered ions 
is very sensitive to the exact adjustment of the beam. This implies tha.t structural 
information should a.lways be ohtained by compa.ring two or more spectra. measured 
with the sa.me beam adjustments, hut with the sample rotated around its normal. 
In the measured spectrum (fig. 4.30) one can a.lso observe that in this case both 
edges of the pattern show the expected $-sha.pe. From this curvature, it could 
be estima.ted that indeed an azimuthal range of a.bout 320° c~ channels 30-92 in 
fig. 4.30) is depicted. 

After it bas been conduded that the imaging of the detector was as expected, 
measurements of scattering from Cu were sta.rted. First it was tried to get a. Cu 
signal from a clean surface. This signal should show no variation as a. function of 
azimuth. To make sure that possible variations are not due to the target hut to 
the adjustment of the primary beam, the spectrum should not change when the 
sample is rotated. 

To check the width of the energy window, the acceleration voltage on the zoom
lens (see section 4.1) was changed with a. known quantity. Unfortunately, during 
the startup of the experiment, the collector was dama.ged. From simulation and 
experiences in the past (see figs. 4.31 and 4.32) it was concluded that the :fifth or 
sixth 'r'-strip ( counted from the center of the collector) bas lost contact with the 
output wedge. The simulation was done using the sa.me simu]ation program as in 
the previous section (see for insta.nee fig. 4.26). The direction of the channels in the 
second channel plate ha.s been adapted to fit the actual situa.tion in the EARISS 
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Figure 4.30: Spectrum of sputtered ions from Cu by 2 keV He+. Black represents the 
highest intensity. 

detector. Simulations for three different QT va.lues at an acceleration volta.ge of 
300 V have been added. It can be seen tha.t in practice the influence of the missing 
strips is la.rger than in the simulation. The reason for this is tha.t in pra.ctice the 
disconnected strips will charge up, thereby influencing the tra.jectories of the elec
tron clouds. This is not included in the simula.tion. Later on, when the detector 
had been disassembled, it was visually confirmed tha.t both the fifth and the sixth 
strip are damaged. Because of this da.ma.ge, only the outer part of the collector 
could still be used. This takes away the possibility of doing an accurate azimuthal 
measurement at several energies simultaneously, since only at the lower energies in 
the energy window (right hand side of the spectrum) the azimuthal signal is still 
more or less undisturbed. 

Two spectra were made using He+ ions (2 keV) at a difference of 100 V of 
the acceleration voltage on the zoomlens. The sum of the two spectra is shown in 
fig. 4.33. In both cases, the variable slits were opened completely, thus accepting a 
relatively large spread in scattering angle. This results in a broader peak, but also 
in a higher count ra.te. The effect of closing the va.ria.bie slits will be discussed later 
(see page 75). From a cross section of this spectrum at azimuth channels between 
50 and 54 (see fig. 4.34) it can be calculated that the full width at half maximum 
(FWHM) of the peak is about 36 eV. 

Using 3 keV Ne+ ions instead of He+, it is possible to separate the peaks due 
to Cu from the target bolder and due to Ni from the sample. This separation 
was observed indeed, however, the energy difference of 100 eV was not reproduced 
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Figure 4.31: Simulation of the damaged collector. The charges on the fifth and the sixth 

azimuth strip are not taken into account. Black represents the highest intensity. 
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Figure 4.32: Pattern oftbe damaged collector measured witb a homogeneous distribution 
of scattered ions. Black. represents the highest intensity. 
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Figure 4.33: Sum-spectrum of two Cu spectra, measured with a difference of 100 V in 
accelera.tion voltage (see text). Black represents the highest intensity. 
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Figure 4.34: Cross section of the sum-spectrum shown in 6.gure 4.33 at azimuth channels 
from 50 to 54. The energy difference between the two peaks is 100 e V. 
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exactly. Because of this energy difference, the two peaks can be displayed simulta.
neously in the 360 eV wide energy window, using only the undama.gèd part of the 
collector. The spot diameter at the target from which scattered ions are accepted 
by the analyzer can now be determined experimentally. This is done by moving 
the sample under the analyzer from the Ni sample to the Cu targetholder, and 
measuring the length during which both signals are observed. The transition of 
mainly Ni to mainly Cu signal was observed within a. translation of about 0.4 mm. 
However, a. significant Ni signal of more tha.n 10% of the initial pure Ni signal was 
still observed at target positions where the edge of the Ni sample is displa.ced about 
2.5 mm from the center of the beam. This suggests that the acceptance spot of the 
analyzer is at least 2.5 mm. However, since the transition of merely Ni signal to 
merely Cu signal is rather sharp, it can be concluded that the ion bea.m is focused 
rather well. A further discussion on the acceptance spot of the analyzer can be 
found herea.fter (see page 77). 

The energy resolution of the EARISS system. 
The energy resolution of the total apparatus was tested by studying the possibility 
of separating the Ni isotopes using a 3 keV Ne+ primary ion beam. The two iso
topes with the highest natural abundance are 58Ni (67.8%) and 60Ni (26.2%). The 
difference in final energy of the Ne+ ions after scattering from these two isotopes 
is 39 eV for 3 keV Ne+. 

Cross sections of the Ni peak at azimuth channels from 60 to 64 for pass-energies 
of the analyzer of 3000 eV and 2000 eV are shown in fig. 4.35. The scattered ions 
have been post-accelerated by 2.25 kV and 1.25 kV, respectively. It can dearly be 
seen that the separation is much better fora pass-energy of 2000 eV. This is not 
surprising, since in this case the energy range which. is imaged onto the detector 
is 240 eV, whereas it is 360 eV when the pass-energy is 3000 eV. lt can also be 
seen that the heavier isotope, 60Ni, which has .the lower natural abundance, is 
found at higher energies, i.e. more to the left in the figure. To improve the energy 
resolution, the varia.bie slits are closed further whereby the count ra.te decreases 
strongly. Closing the varia.bie slits decreases the spread in scattering angle, as can 
be seen from fig. 4.2. In fig. 4.35c it can be seen that the peaks are separated even 
better. Using the energy difference of 39 eV between the two isotopes, the FWHM 
of the 58Ni peak was calculated to be 22 e V. 

This is very small compared to the FWHM of the 58Ni peak measured with 
the NODUS setup [24]. In this case, a FWHM of 45 eV was found using 3 keV 
Ne+ -+ Ni. Taglauer et al. [25] found a FWHM of 79 eV using 1 keV Ne+. 
Moreover, the two peaks of the two isotopes are measured simultaneously by the 
EARISS apparatus, whereas they were measured one after another (by scanning a 
deflection voltage) in the other two above mentioned cases. 
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Figure 4.35: Cross sections of spectra of 3 ke V Ne+ -t Ni. The a.zimuth channels from 60 

to 64 are added. (a) Pass-energy of3000 eV. (b) Pass-energy of2000 eV. (c) Pass·energy 

2000 eV and the variable slits closed further. 
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The azimutbal resolution of the EARISS system. 
The varia.tion of the Ni signal as a. function of azimuth as it should be ca.used by 
the segrega.tion of S bas not yet been observed. Two explanations could be given 
for this. The :first one could be that the quality of the single-crystalline surface 
is not optima!. In view of the known target prepara.tion [26] and the easiness to 
obtain a. good surface, this is unlikely. One sbould check this, of course, by doing 
low-energy electron diffraction (LEED). If a. LEED pattern is found, then one can 
be sure the surface is crystalline. However, from the absence of a. LEED pattern it 
ca.nnot be concluded that every a.ttempt to find an a.zimuthal dependence by LEIS 
would fa.il: LEIS requires only short range order, wherea.s a long range order is 
needed to get a. LEED pa.ttern. 

The second reason lies in the azimuthal resolution of the EARISS system. When 
an ion doesn't move in the meridian plane AOB (see fig. 4.1), it will follow a spiral 
shaped tra.jectory tbrough the analyzer. Therefore, the azimuthal direction which is 
measured will differ, in general, from the azimuthal direction in which the sca.ttered 
ion leaves the sample. Of course, tltls spoils the structural information from the 
surface. Hellings [1] bas calculated the relation between this difference in measured 
and real azimuth and the distance to the center 0 (see fig. 4.1) from where the ion 
leaves the sample. It was shown that the uncertainty in measured azimutb D.t.p can 
be related to the acceptance spot radius pin the following sense: 

D.c.p = (1. 74 + 16.lSF) arctan (,6) , (4.12) 

where F is the ratio of the pa.ss-energy of the analyzer and the final energy of the 
scattered ions (F = Epa../ E1) and D is the distance between the focus point of 
the analyzer and the entrance of the first section of the analyzer (D = 135.47 mm). 
From this equation it can be concluded, that the spot radius p should be kept as 
low as possible. Moreover, this spot should be positioned on the central axis of the 
analyzer. For the scattering of 2 keV He+ from Ni at a pass-energy of 3000 eV, one 
percent resolution in azimuth (.::lep< 1.8°) is obtained for aspot radius p smaller 
than 0.13 mm. 

To determine the possible azimuthal resolution without the azimuth selector 
installed (see section 4.1) the following model is used (see fig. 4.36). Consider an 
x - y - z space as in fig. 4.36 with the plane AOB of fig. 4.1 in the x - z plane. To 
get an idea about the range of distances from the center 0 from wbich a detected 
ion can origina.te, the maximum distance y0 on the y-axis is determined from which 
ions can pass through B without being intercepted by the variable slits. For the 
adjustment of the variable slits used in the experiments the distance y0 = 6.8 mm, 

. tea.ding toa D.<p of 94°. It is obvious that effects which should be observed within 
a range of 45° will not be seen if the uncertainty is :::::94°. Even if it is assumed 
that the spot of the beam has a radius of only 2.5 mm and is centered exactly 
in the focal point of the analyzer, which is experimentally difficult to realize, the 
uncertainty would still be ~34°. That a pronounced peak can be observed at places 
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Figure 4.36: Schematic fi.gure of a scattered ion trajectocy through the variable sllts at a 

large angle with the meridian plane AOB (compace fi.g. 4.1). 

where the slits are interrupted (see chapter 3) is due to the fact that the value of y0 

is limited strongly by the width of those slits. These act somewha.t like the future 
azimuth selector would be desired to do. 

In conclusion, it has been shown tha.t the energy resolution of the EARISS 
a.ppara.tus is very good, at least smaller than 3% of the final energy. High resolution 
azimuthal dependent measurements should be possible once the azimuth selector 
is installed. 
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Chapter 5 

The use of a calibration in 
low-energy ion scattering: 
preferential sputtering and S 
segregation in CuPd alloysl 

Abstract 
The eomposition of the outermost atomie layer of an alloy can be determined quantita· 
tively by low-energy ion scattering. The calibration procedure yields information about 
the presenee and location of surface eontaminants. The results strongly suggest that S, 
a contaminant in CuPd alloys, segregates preferentially on top of the Cu atoms. 

The preferential sputtering of CuPd hM been studied. Cu turns out to be sputtered 
preferentially. 

5.1 Introduction 

The surface composition of binary alloys has been studied for several decades. It 
is nowadays well known that the composition of the outer atomie layers can differ 
significantly from that of the bulk. This altered surfa.ce layer has been the subject 
of many studies. To obtain information a.bout the surface la.yer, an a.nalytical 
tecbnique with a.n information depth of one atomie la.yer should preferably be used. 
It bas been shown that low-energy ion sca.ttering (LEIS) is such a. technique [l]. 

With LEIS one can obtain the elementa.l composition of the outermost atomie 
layer of a. sample directly from the measured spectrum. However, for quantitative 
compositional information, a calibration should be performed. 

A disadvantage of the LEIS technique is that the surface of the sample will be 
damaged by the incident ion beam. This can cause a compositiona.l change in the 
surface region, as in genera.! the sputter ra.tes for the different elements will not be 

contents of this cha.pter ha.s been published in: P.A.J. Ackerma.ns, G.C.R. Krutzen and 
H.H. Brongersma., Nucl. Instr. a.nd Meth. in Phys. Res. B4Q(1990)384 
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the same. The composition of the surface may also differ from that in the bulk 
because of thermodynamica! effects. One of the components may segregate to the 
surface in order to minimize the Gihbs energy of the system. In LEIS, where both 
processes occur concurrently, the mobility of the atoms determines which process 
dominates the surface composition. As the mobility of the atoms increases, the 
surface segregation becomes more dominant. 

In this paper, the use of a calibration will be shown. Using the obtained calibra
tion data, the preferential sputtering in CuPd targets is studied. It will be shown, 
that the calibration can be very useful in determining the amount of conta.mination 
at the surface. 

5.2 Theory 

CaJibration in LEIS. 
In low-energy ion scattering (LEIS) the target is bombarded with ions having a 
mass m;.," and a fixed energy Ei. In most cases noble gas ions are used. The final 
energy E1 of the ion can be written as 

(
cos()± jq2 

- sin2tJ)) 
2 

E1 = E; , 
. l+q 

(5.1) 

where q = ffiatomfmion• 

In a typical LEIS experiment the energy E; and the scattering angle 0 are 
known, E1 can be measured, and thus can q be calculated. In this way qualitative 
information about the chemical composition of the surface can be obtained. 

To obtain quantitative information one bas to calibrate the yield for the in
dividual components. If one knows the scatter yields for the pure elements, the 
concentration in the alloy is simply the ratio of the measured peak to the peak of 
the pure element, provided that the experimental conditions are the same in both 
cases and that the yield is independent from the chemical environment. 

Fora two component sample, such as an alloy AB, the above mentioned quan
tification can be expressed in the following way. Let S; be the signal of component 
i, ei the surface coverage of element i (0 :5 Ç; :5 1) and f1; the sensitivity for element 
i. Then one can write for the alloy AB 

SA = 'f/AÇA, 

Ss = '1ses. 

and, assuming that there is no contamination on the surface 

{A + fä = 1. 

With the aid of eq. 5.4 a. relationship between SA and SB can be deduced 

SA = T/A - '1A Ss. 
T/B 

(5.2) 

(5.3) 

(5.4) 

(5.5) 
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If SA is plotted aga.inst Ss a straight line should be found (fig. 5.1). As consequence 
of this ea.ch measured point for an uncontaminated alloy AB ha.s to fit on this line. 
The slope of the line in fig. 5.1 only depends on the rela.tive sensitivity of element 
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T/A 100 

SA(a.u.) %A 

0 0 
0 T/B 
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Figure 5.1: Signal of element A plotted vs. signa.1 of element B for an alloy AB. Every 
measured point should fit on this line. 

A to element B. This implies tha.t .a new calibra.tion should be performed for ea.ch 
element, for ea.ch incident energy and for each type of incident ion. However, the 
rela.tive sensitivities are temperature independent, and thus the ca.libration line 
remains unaltered when the temperature is changed. 

The ca.libration line can a.lso give an impression about the presence of the 
contamination at the surfa.ce. Normally, contaminants can be monitored with 
LEIS. However, with a low sensitivity for a contaminant or mconta.mina.nt < mion 

in backscattering LEIS, the contaminant may not be seen in the measured LEIS 
spectrum. IC there are contaminants, the sum of the signa.Is for A and B will be 
lower. The sum of the covera.ges { of A and B is not equal to one any more. If the 
signals for A and B from a contaminated surface are plotted in fig. 5.1, this point 
will be below the drawn line. 

If spectra are measured at different amounts of contamination, information 
about the distribution of the contamination over the surface can be deduced from 
the changes in the calibration line. If, for example, there is a contamination at 
the surface which desorbs at higher temperatures the calibration line should move 
parallel to the original line towards higher signa.Is if the conta.mination is divided 
randomly over the surfa.ce. This is, there is no preference for the a.dsorha.te to 
reside on top of one of the alloy elements. On the other hand, if there is a pref
erent shielding of one species, the slope of the calibration line should change as 
the contaminant desorbs. The changes in the calibration line are in the opposite 
direction when the contaminant segregates from the bulk to the surfa.ce. From the 
calibration line of the uncontamina.ted surface and the line through the measured 
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points with the contaminant present, the distribution of the contaminant over the 
alloy elements can be estimated, as will be shown in section 4. 

From the measured signals -assuming the target is clean- the composition of 
the surf ace in terms of coverages can be calculated. lf the composition in at.% is 
desired, the coverages have to be corrected for the di:fference in atomie radii (or for 
the difference in the area occupied per atom). 

lf the ratio of sensitivities of A and B is denoted as w, thus w = 'f/A/'f/s, and 
the ratio of atomie radii is denoted as r (r = rA/rs), then it can be deduced for 
an uncontaminated surface that 

at.%A 

at.%B 

= 100 SA 
SA +r2wS8 ' 

= 100 - at. %A. 

(5.6) 

(5.7) 

In many cases it is possible to obtain quantitative information from LEIS mea
surements by using another quantification method. This so called duaJ-isotope 
surface composition (DISC) method does not require a calibration as described 
above, but the surface composition can be obtained directly from the comparison 
of the scatter yields of the two He isotopes. In this way the target under consid
eration suffi.ces to obtain a quantitative composition (no calibration samples are 
needed). This DISC method is presented elsewhere [2]. 

Preferential sputtering. 
When a surface is bombarded with ions, atoms will be removed from the surface. 
If the surface consists of the elements A and B only, the surface composition will 
change if the sputter rates for both components are unequal. 

A simple expression for the altered surface composition due to sputtering can be 
derived in the following manner. Suppose, the sputter rates for the pure elements 
are RA and RB for A and B respectively. Of course, these are normalized with 
respect to the incident beam (current, energy and ion type). If only a fraction XÁ 
of the surface is covered with A, the sputter rate will he RAXÁ· The sa.me holds 
for element B. In equilibrium, the ratio of sputter rates must equal the· ratio of 
bulk concentrations. This can easily be seen, as both components must disappear 
if the entire sample is sputtered. In a. formula this can be expressed as 

(5.8) 

In thîs equation x denotes the concentration of a component (A or B) in the bulk 
(b) or at the surface (.s). RA and RB are the sputter rates of pure A and B 
respectively. This equation can be rewritten as (using xB = 1 - XÄ) 

(5.9) 
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This is the sa.me equation a.s the one obta.ined by Dawson and Petrone [3), although 
the deriva.tion is somewhat different. From eq. 5.9, the surface concentrations can 
be calculated once the sputter rates are known. 

5.3 Experiments 

The experiments were done using the MINIMOBIS apparatus. In this setup the 
primary ions are directed perpendicular onto the target. A kind of cylindrical 
mirror analyzer (CMA) accepts ions that are scattered through 144° from the 
target atoms. The design of this machine does not differ in essence from that of 
the NODUS machine [4]. lt has a slightly different scattering angle and better 
in;iaging properties. 

Seven targets with different bulk compositions of Cu and Pd were used (see 
table 5.1). Rutherford backscattering spectroscopy was used to verify the bulk 

target 1 

at.% Cu 85 
at.% Pd 15 

Ta.ble 5.1: Bulk concentrations of the targets used. 

composition. The composition was within one atompercent in agreement with the 
spedfied value. 

The surfaces of the targets were cleaned by annealing to 800 °C and by sput
te~ing with 3 keV Ne+ ions. This was continued until no contaminants were found 
anymore at temperatures below 500 °C. 

During the experiments the background pressure in the target chamber was 
3x10-9 mbar. The measurements were done using a 2 or 3 keV Ne+ ion beam. 
The target currents were about 25 nA for 2 keV and 45 nA for 3 keV Ne+. Due 
to the relatively large incident energy, the perpendicular incidence and the large 
scattering angle, the impact parameter and the distance of closest approach will 
be very small compared to the interatomic distance. The influence of the different 
chemical environment on the scatter yields can then be neglected. 

First a calibration was done a.t both energies to obta.in the relative sensitivity 
of Cu and Pd. Spectra of the samples were measured at different temperatures. 
By heating or cooling down the targets, the surface composition will change as a. 
result of a changing equilibrium between surface segregation and sputtering. But 
whatever this composition may be, if the Cu signal is plotted versus the Pd signal 
all points should lay on a line, as was explained in the theory. 

After the calibration was done and the relative sensitivities of Cu and Pd were 
determined for both energies, the surface composition at room temperature was 
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determined for the five alloys. This was done at two different energies of the 
incident ions, to study the effect of preferential sputtering. 

5.4 Results and discussion 

Calibration 
The surface composition of the CuPd targets was determined at different temper
atures (from room temperature to max. 500 °C) using 2 keV and 3 keV Ne+ ions 
and a scattering angle of 144°. For peak intensities the areas under the peaks were 
determined. A linear background was subtracted. The intensities were all normal
ized to the same ion current of 45 nA. A plot of the Cu signal versus the Pd signal 
for 3 keV Ne+ is shown in fig. 5.2. Through these points a calibra.tion line was 
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Figure 5.2: Plot of the mea.sured Cu signals against the Pd signals. The data were 
measured using a 45 nA 3 ke V Ne+ incident beam. 

determined using a least squares method. From the slope of this line the relative 
sensitivity of Cu to Pd can be estimated to be 0.27 ± 0.02. The finding of this line 
is a strong proof for the assumption that the atomie sensitivities are independent 
of the chemical environment. 

From the relatively small deviations of the points from the calihration line it 
can he concluded that the target surfaces contain hardly any contamination. This 
is supported by the fact that the target can be heated to 500 ° C without deviation 
from the calibration line. If there would be a oontamina.tion, the measured point 
should be below the line. This can be seen from the data points of the pure 
samples. These could not be annea.led, so it is likely that some contamination is 
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still present. This explains why the measured points from the pure samples lie 
below the calibration line. 

The relative sensitivities resulting from the calibra.tion can be corrected for the 
difference in atomie radii. With this correction, compositions in at.% can directly 
be obta.ined from the spectra. The rela.tive sensitivities of Cu to Pd for both 
energies used are summarized in ta.ble 5.2. 

\1 2 keV Ne+ 1 3 keV Ne+ 1 

rela.tive sensitivity without 0.27 
for the difference.in atomie radii. 

relative sensitivity corrected for 0.43 
ference in atomie radii. 

Table 5.2: Rela.tive sensitivities for Cu to Pd. The uncertainty in the given numbers is 
± 0.02. 

Preferential sputtering. 
To study the preferential sputtering of CuPd alloys, the surface composition in 
at.% at room tempera.ture of the five targets was determined using 2 keV and 3 
keV Ne+ ions. The measurements were done a.fter an equilibrium in the surface 
composition was rea.ched. The results are shown in fig. 5.3. In this figure the 
dashed curve represents the points for which xb" = xê"· From figure (a.) it can be 
seen tha.t there is a slight Cu enrichment a.t the surface when 2 keV Ne+ is used. 
Using 3 keV Ne+, the Cu concentrations found are smaller. Although the difference 
in Cu concentra.tion at the surface between 2 keV Ne+ and 3 keV Ne+ is smaller 
than the uncertainty of 1 at.% the conclusion may be drawn that Cu is sputtered 
preferential, since at 3 keV the Cu concentration is lower for all five targets. This 
could be expected, since the ratio of sputter rates (Cu to Pd) increases from 1.25 
to 1.30 [5] when the energy of the Ne+ ions is increased from 2 keV to 3 keV. 

The relative sputter rate (Cu to Pd) of 1.25 (2 keV Ne+) implies that according 
to the sputtering theory (eq. 5.9, dotted curve in fig. 5.3) the surface should be 
enriched in Pd. This is not found in our experiments. 

A possible explanation for this difference is the radia.tion induced segregation of 
Cu. According to thermodynamics Cu tends to segregate to the surfa.ce [6, 7, 8, 9]. 
In theory, the enrichment should be considerable a.t room tempera.ture. But due 
to the low diffusion at room temperature the flux of Cu towards the surfa.ce is so 
low, that no enrichment is measured. Bombardment with Ne+ ions increases the 
diffusion significantly. The radiation enhanced diffusion plays a role a.t tempera
tures of "'0.2 to ..... Q.6 Tm, where Tm is the absolute melting tempera.ture [10]. For 
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Figure 5.3: Surface concentrations at room temperature of the five CuPd alloys obtained 

using 2 keV Ne+ (a) and 3 keV Ne+ (b) îons. The dotted curves represent the surface 
concentration as predîcted by of eq. 5.9. The da.shed curves are the lines for which the 

surface composition equals the bulk composition. The ratios of the sputter rates for the 

pure Cu and Pd are 1.25 (2 keV) and 1.30 (3 keV) (see ref. [5]). 

the CuPd alloys there will be radiation enhanced di:ffusion at room temperature. 
Because of the increased mobility of the atoms in the alloy, Cu is now able to seg· 
regate according to the thermodynamics. This process was also observed by Varga 
and Herzendorf [11] in AuPd alloys. 

S segregation. 
During the cleaning of the samples the temperature was raised to 800 °C. Above 
650 °C significant amounts of S segregate to the surface. One of the goals of 
the cleaning procedure was the removal of this sulfur. lt will be shown, that the 
calibration line can be used to determine the amount of S and the distribution over 
Cu and Pd. 

The target was annealed at 650 °C for half an hour with the ion beam turned off. 
Then the beam (3 keV Ne+, 42 nA) was turned on and a spectrum was measured 
every minute for ten minutes. The Cu and Pd signa.Is measured from the spectra 
are shown in fig 5.4. The signa.Is were norma.lized to a beam current of 45 nA. The 
copper signals were corrected for the diff erence in sensitivity of Cu and Pd. In this 
way the Cu and Pd signa.Is can be compared directly. From fig. 5.4 it can be seen 
that the increase in Cu signal is much larger than the increase in Pd signal. As it 
was shown by Taglauer and Heiland [12], using 1 keV Ne+-+ Ni(lll) + S, that the 
atomie sensitivities do not depend on the S coverage, this strongly suggests that S 
resides preferentially on Cu. 

After the 10 minutes an equilibrium was reached. In this equilibrium there still 
is some sulfur present at the surface. However, at lower temperatures the mobility 
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Figure 5.4: Plot of the mea.sured signals for Cu (•) a.nd Pd (<>) while sputtering the 

sulfur. The Pd signa.Is a.re normalized to the Cu signa.Is. The data. were measured using 
a. 45 nA 3 keV Né incident bea.m. 

of the S is so low, that segregation to the surface is far exceeded by the sputter 
ra.te. 

The raw signals can also be plotted in the calibration figure, see fig. 5.5. The 
measured points are below the calibration line, as was expected. When the sulfur 
is sputtered, the points move towards the calibration line. From the position of the 
first data.point in the series, the coverages of Cu and Pd at the sulfur contamina.ted 
surface can be determined. These coverages appear to be 33% and 40% for Cu 
and Pd respectively. Assuming that no other conta.mina.nts are present, the sulfur 
coverage will be 27%. 

In fig. 5.5 a line can be dra.wn through the data.points measured for the conta.mi
na.ted surfa.ce. This line represents the compositions when sulfur is being sputtered. 
With the aid of this line, the distribution of the contamination over the Cu and 
Pd can be estimated. The line intersects the calibra.tion line a.t the point with Cu 
and Pd coverages of 58% and 42% respectively. This is the composition of the 
thermodyna.mically segregated surfa.ce at 650 °C. This composition is comparable 
with the composition which can be estimated by extrapolating measurements of 
Nova.eek [8]. 

Assuming that the sulfur does not infiuence the segrega.tion it can be estimated 
that 25 a.t. % of the Cu and only 2 at.% of the Pd in the contaminated alloy is covered 
with sulfur. This is a confirma.tion for the suggestion tha.t S resides preferentially 
on Cu. 

A possible explanation for this preference can be found by compa.ring the Cu-S 
and Pd-S binding forces. A mea.sure for the binding forces can be found from the 
sta.bilities of the palladium- and coppersulfides. Palladium sulfides dissocia.te at 
temperatures below 1000 °C (800 °C for Pd2S and 950 °C for PdS).I Cu2S does 
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Figure 5.5: Plot of the measured Cu signaJs agaJnst the Pd signaJs of the clean surfäces 

(•) and of the S contaminated surfaces (* ). The point indicated by the arrow is the first 
data point measured in the series. The data were mea.sured using a 45 nA 3 keV Ne+ 

incident beam. 

not dissociate, but melts at 1100 °C. This indicates that the Cu-S bond is much 
stronger than the Pd-S bond. This explains why the ma.jority of sulfur resides on 
Cu. 

5.5 Conclusion 

To perform a. qua.ntitative a.nalysis using LEIS a. calibration is needed. It is shown 
that when 2 or 3 keV Ne+ ions and a. large scattering angle are used such a ca.libra.
tion can be done by measuring different compositions. Cu is sputtered preferentially 
in CuPd a.lloys. The effect found is not as large as would be expected, hut in these 
experiments it was impossible to distinguish between preferential sputtering and 
radiation induced segregation. Nevertheless, the changes in surface composition 
for different incident ion energies point to a preferential sputtering of Cu. The 
conta.mination S, which a.ppea.red during the cleaning procedure of the sample, is 
shown to reside preferentially on Cu. This can be understood by considering bond 
energies. 
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Chapter 6 

Preferential sputtering of B 
studied by low-energy ion 
scattering using the dual-isotope 
surface composition (DISC) 
method1 

Abstract 
Low-energy ion scattering (LEIS) is a well known teehnique for obtaining information 
about the outermost layer of a surface. The dual-isotope surface composition (DISC) 

· method for quantification of atomie compositions, which does not require the use of 
calibration samples, is presented in this artide. 

This method is used to study the preferential sputtering of a natura! boron sample 
(20% 10B and 80% 11B). Using 3.5 keV 4He+ ions the surface concentration of 10B is 
found to be 16%±2%. 

6.1 Introduction 

Low-energy ion scattering (LEIS) bas been proven to be most suited to the ana.ly
sis of the outermost atomie layer of a surfa.ce. Both information about the surface 
composition (qualitative and quantitative) and the surface structure can be ob
tained. 

Until now, quantification of atomie compositions has only been done by the use 
of calibration samples. In this way, unknown parameters (such as neutralization, 
analyzer efficiency etc.) can be determined experimentally. Por a sample conta.ining 
only two components, this can easily be done Il]. However, for samples contain
ing more elements this would be more cumbersome, since a calibration must be 

1The contents of this chapter bas been published in: P.A.J. Ackermans, M.A.P. Creuwels, 
H.H. Brongersma and P.J. Seanlon, Surf. Sci. 12.1(1990)361 
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performed for each element. Besides, it has to be verified that different chemica! 
environments in the sample have no effect on the atomie sensitivity factors. In 
section 6.2 the dual-isotope surface composition (DISC) method, a new method for 
the quantitative determination of atomie compositions, is presented. This method 
makes use of the two helium isotopes to determine the neutralization behaviour of 
the scattered ions. lt therefore permits a quantitative determination of the surface 
composition. No calibration samples are needed, so the DISC method permits an 
in situ quantification of atomie compositions of multicomponent samples. Conse
quently, the possible influence of th~ chemica! environment plays no role, since the 
calibration and the measurements are clone on the same sample. 

One of the problems with LEIS is that the surface under consideration is dam
aged by the incident ions, because ions from the primary beam can sputter the 
atoms from the surface. The effect of this sputtering on the surface composition of 
a boron target with the natura! composition (19.8 % 10B and 80.2 % 11B) has been 
studied using the new DISC quantification method. 

6.2 Theory 

LEIS. 
In LEIS, ions with a known energy are directed onto the target and are scattered 
from the target atoms. Using classica! collision mechanics one can calculate the 
relation between the energy after collision (E1) and the energy (Ei) of the incident 
ion. For backscattering one finds ' 

(
cos()+ ,jq2 - sin2 

()) 
2 

E1=Eï 
1 

=aEï, +q 
(6.1) 

where () is the scattering angle and q is the ratio m"tom/mion· The energy of the 
scattered ions, within a solid angle ~n, is measured by the analyzer. The signa! 
due to component A in the surface of the sample can be written as [2] 

where 

F = 

ion current at the target, 

ion fraction of ions scattered by component A, 

atom density of component A, 

cross section per solid angle for scattering by component A, 

experimental factor. 

(6.2) 

The factor F is used to take the experimental conditions into account. These in
clude, for example, analyzer efficiency and mismatch between analyzer acceptance 
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and incident beam. In case of the NODUS machine, which is used in our experi· 
rnents, this experimental factor can be written as /3Eb where E1 is the energy of 
the ion after collision, and f3 is a proportionality constant. For component A, E1 
can be written as aAE;, where aA is the kinematic factor for component A. This 
can be used to rewrite eq. 6.2. One finds 

(6.3) 

In most cases, for an arbitrary spectrum, P}, NA and /3 are unknown, while 
O'A and aA can be calculated and SA, Ei and J+ can be measured. To. be able 
to determine the concentration of element A in the surface of a multicomponent 
target requires knowledge of P1 and /3. The oonventional method to obtain this 

· information is by the use of calibration samples. If the signal of component A from 
a sample with a known concentration (preferably a sample of pure A) is measured, 
the product Plu AF in eq. 6.2 can be determined experimentally. This can then 
be used to determine the concentration of element A in a sample with unknown 
concentration of A, provided that the same incident ions with the same incident 
energy are used. 

The quantifica.tion can be done in a different way if eq. 6.3 is considered more 
closely. As an illustration of the DISC method, this will be worked out for a two 
component target AB, but the theory is va.lid for any number of components. In 
LEIS, the two isotopes 3He+ and 4He+·can be used separately to obtain the signals 
from component A. lf the signal obtained from the scattering of 3He+ is divided 
by the one obtained from 4He+ one finds 

(6.4) 

Here /3, NA and E; are the same for 3He+ and 4Hé, if the signals are obtained in 
the statie LEIS mode. For high-intensity beams, where the possibility of prefer· 
ential sputtering exists, it is necessary to obtain the signals used in eq. 6.4 in one 
experiment. This can be done by using an ion beam containing 3Hé and 4He+ 
simultaneously. 

In eq. 6.4 the only unknowns are 3 P1 and 4 PJ. In LEIS, these ion fractions are 
generally a oonsequence of Auger neutralization. In the case of our experimental 
setup (large scattering angles) the ion fraction p+ is generally written as [3, 4, 5] 

p+ = exp ( ~;) , (6.5) 

where a is a characteristic velocity and VJ is the velocity of the ion after collision. 
The chara.cteristic velocity a is dependent on the electronic energy levels of the ion 
and the atom. For the same component A the a's for 3Hé and 4He+ are sa.me. This 
characteristic velocity is the only unknown that remains, since the final velocities v 1 
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for 3He+ and 4He+ can be calculated from E1 (eq. 6.1) The characteristic velocity 
a can be determined in the following way. From eq. 6.4 it follows that 

3 P1 3 SA 4 J+ 4q A 4aA 

4pÀ = 4SA 3/+ 3qA 3aA. 

With the aid of eq. 6.5 one can write 

Thus, 

exp(~:) - s5A4[+4qA40A 

~ - 4SA3J+3qA3aA· 

a (_!_- _!_) = ln (ssA "J+ 4uA 4aA) 
"v1 3v1 4SA3]+3qA3aA . 

(6.6) 

(6.7) 

(6.8) 

So if the right hand side of the above equation is plotted against ( ~ - ~) one 
should find a straight line with a slope of a. Once the characteristic velocity a is 
known, the ion fra.ctions can be ca.lcula.ted. In the same way, the ion fractions for 
component B can be ca.lculated. 

Now the concentration ratio of A to B can be ca.lculated using eq. 6.4: 

"NA 4SA 4PJ 4us 4as 
4Ns = 4Ss 4pt 4qA •aA 

(6.9) 

The choice of using the data obtained with 4He+ instead of those from 3He+ is 
arbitrary, but, experimentally, the pea.ks are separated better for 4He+ data. In 
this way the surfa.ce composition of a multicomponent target can be determined 
without the use of calibration samples. 

It should be stressed here that the use of the two isotopes as primary ions 
is of paramount importance for the experimental application of the theory. To 
obtain information about neutralization, scatter yields of the sa.me incident ion 
species with different final velocities under the sa.me experimental conditions are 
required. It is most important that the experimental factors (see eq. 6.4) are the 
sa.me. In principle, this can be done with one type of incident ion at different 
energies, although it is experimentally very difficult to adjust the beam opties in 
such a. ma.nner tha.t the incident ion beam is directed in exa.ctly the sa.me way onto 
the target. In the case of the two helium isotopes at the sa.me energy, however, one 
can leave the ion beam optical system unaltered if it consists only of electrosta.tic 
lenses and defl.ection plates. The same beam conditions are then obtained a.t the 
target. However, due to the different kinema.tic factor a, the fi.nal velocities will be 
different. This is one of the principles of the DISC method. 

Preferential sputtering. 
When a. sample is bombarded with ions, atoms can be sputtered from the target. If 
the target consists of more than one component, each component wil~, in general, 
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be sputtered with a different ra.te. In the steady state, the surf a.ce composition will 
be altered in such a way that differences in sputter rates amongst the components 
are compensated by differences in concentration at the surface, so that the partial 
sputter rates refiect the bulk composition. For a two-component target AB this 
can be expressed as: 

x~ RA XÁ 
tj; = Rs x~ (6.10) 

In this equation, x denotes the concentration of a component (A or B) in the 
bulk (b) or at the surface (s). RA and RB are the sputter rates of pure A and B, 
respectively. Eq. 6.10 can be rewritten as (using x13 = 1 - XÁ) 

(6.11) 

From eq. 6.11, the surface concentrations can be calculated once the sputter rates 
and the bulk concentrations are known. 

Numerous investigations have been made of preferential sputtering. Among 
these have been studies of the preferential sputtering of isotopes (6, 7, 8]. The 
theoretical work of Sigmund [6] resulted in the conclusion that the isotope with the 
lower mass bas a higher cross section for being sputtered, and a lower cross section 
for losing energy to surrounding atoms. Böth arguments result in an enrichment of 
the Hghter isotope in the sputtered flux, and tbus to an enricbment of the heavier 
isotope in the remaining surface. These predictions are generally accepted. 

Recently, Baumel et al. [7) have carried out SIMS measurements on the pref
erential sputtering of boron. The use of a 100 keV Ne+ beam resulted in a higher 
ratio of the 10 B+ / 11 B+ signa.Is at the start than at the steady state. This steady 
state was reached after about 3000 À had been sputtered, and is assumed to reflect 
the ratio of bulk concentrations. The measured effect was significantly larger than 
was expected by the theory of Sigmund [6]. A disadvantage of the SIMS technique 
for research in the field of preferential sputtering is that the determination of sput
ter rates for 10B and 11 B bas to be done immediately after the sputter beam has 
been turned on. Otherwise, the surface composition would already be altered, and 
a concentration ratio between the surface and the bulk concentration ratio would 
be measured in the sputter rates. Moreover, sputtering cannot be used to prepare 
an atomically clean surface, since this would also change the surface composition. 
Contaminations may therefore influence the SIMS results strongly. LEIS does not 
have these shortcomings, since the surface composition, and not the sputtered flux, 
is measured. So, with LEIS, it is possible to clean the surface first by sputtering, 
and then measure the surface composition which can be altered by the preferential 
sputtering. 

The preferential sputtering of boron has been studied theoretically by Eckstein 
and Biersa.ck in a TRIM computer simulation [8]. They cçi,lculated the surface 
composition for sputtering with 4He+ and Xe+ for several energies from 100 eV to 
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2 keV. When simulating with He, an enrichment of 10B in the sputtered particles 
was found. The enrichment decreased with increasing energy. Using Xe instead of 
He gave an enrichment of 11B for low energies ( < 1 keV) and an enrichment of 10B 
at higher energies. 

6.3 Experimental details 

The measurements have been performed on the NODUS machine. In this machine 
the ions are directed perpendicular onto the target. The total scattering angle is 
142° The energy of the scattered ions is analyzed by a kind of cylindrical mirror 
analyzer (OMA). For further details about the NODUS machine see ref. [9]. This 
setup has recently been improved. A Leybold IQE12/38 sputter ion gun is now 
used as a primary ion source, with a home-built Wien mass filter. With this setup, 
ion currents of 0.5 to 1 µA of Hé at the target can be reached at energies of 2000 
to 5000 eV, respectively. 

Two targets were examined, a 93%-enriched 10B target and a boron target 
with the natural isotopic abundance (19.8%10B and 80.2%11 B). The targets were 
prepared by melting the boron in an argon atmosphere and rapidly cooling the 
molten drop on a graphite block. After insertion in the target chamber, pressure 
< 10-9 mbar, the targets were sputter-cleaned with Ne+ ions at 3500 eV. 

Our first goal was to obtain a value for the characteristic velocity a. In theory, 
the natura! sample would suffice. But in practice, it turns out to be very hard to 
separate the 10B and 11B peak in a 3Hé spectrum in such a way that accurate 
surfaces under the peaks can be determined. 

Therefore, the target with essentially only one of the two isotopes, in this case 
the 93 % -enriched JOB sample, was chosen to determine the characteristic velocity 
a. This sample was irradiated sequentially with 3He+ and 4Hé at a given energy 
before a new beam-energy was selected. The beam-current at a given energy was 
set by adjusting the gas pressure in the inlet manifold with the electrical focusing 
and deflection voltages left unchanged for the two ion species. In this case, the 
mass-filter in the incident ion beam was not used. As a result of this procedure, 
the position of the beam on the target remained unaltered. The currents obtained 
were very stable and reproducible. 

After this, spectra of 4Hé for the natural boron target were measured. For 
these measurements a mass filter was present in the incident beam, and the back
ground was lower than that observed in the measurements on JOB. 

6.4 Results and discussion 

In figs. 6.1 and 6.2 the energy spectra for 3500 eV 3He+ and 4Hé scattered from 
the 93 % 10B sample are shown. In these spectra, peaks from N and 0 can 
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Figure 6.1: Spectrum of3 He+, 3500 eV scattered from the 93 % 16 B target. 
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Figure 6.2: Spectrum of 4 Hé, 3500 eV scattered from the 93 % 10B target. 
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be seen. These species are present at the surfa.ce of the sample as a result of the 
absence of the mass filter in this series of experiments (implantation due to trace 
impurities of air in the ion source). Due to the high sensitivities for N and 0, 
as compared to B, the contamination seems much larger than what is actually 
present. If it is assumed that the concentrations of N and 0 are equal in both 
cases, one can determine the amount of contamination. Using the DISC method, 
the concentrations for N and 0 are calculated to be 2 % and 14 %, respectively. 
However, this does not infiuence the determination of the characteristic velocity a, 
since only the area of the 10B peak is used. 

The effect of preferential sputtering can be neglected in this case, because of the 
extremely low concentration of 11B at the surface. The areas under the 10B peaks 
were obta.ined after subtracting a linear background. The va.lues for the differential 
cross section were calculatoo using the Molière potential. 

The va.lues of ln (3 p+ /4 p+) can be calculated from the above data using eq. 6.6, 
and a plot of this logarithm against ( i!, - ~) is shown in fig. 6.3. From eq. 6.5 
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Figure 6.3: Plot of the logarithm of the ra.tio of ion fractions against the difference in 
reciprocal final velocity for 3 Hé, 4 Hé -+ 10 B. 

it follows that the line should go through the theoretical point (0,0) at infinite 
energy. From the slope of the line in this plot, the value of a is estimated to be 
(6.07 ± 0.23) x 105 ms-1• The order of magnitude of this value is comparable to 
the one found by MacDonald [5], using 4He+ ions of 1000 eV on Ag. 

With this va.lue of the characteristic velocity a, the ion fractions tor 3Hé and 
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4He+ scattered by 10B can be caleulated. For both ions, a plot of ln(p+) vs. * 
is shown in fig. 6.4. 
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Figure 6.4: Ion fra.ctions for 3He+ and 4 He+ sca.ttered from 10B. 

The relatively large deviation of the point at 5000 e V from the line in fig. 6.3 can 
be explained by considering the ion fractions shown in fig 6.4. lt can be seen tha.t 
the ion fraction of 3He+, 5000 eV --+ 10B is 15%. For 4He+ this ion fraction is only 
7%. With the higher ion fra.ction of the 3Hé, there will be a. la.rger contribution 
of ions scattered from the second atomie layer. These appear in the spectrum as a 
shoulder a.t the low energy side of the peak, see fig. 6.5. Por 4He+ such a. shoulder 
is not observed at 5000 eV. Beca.use of this contribution of the second atomie la.yer, 
the number of atoms which scatter 3He+ ions is larger than the number of a.toms 
which sca.tter 4He+ ions. So, the ratio 3 p+ /4 p+ will be larger than expected. 

With the above mentioned value for a, the concentration of the 10B at the surface 
of a. boron sample with a. natura.! composition can be ca.lcula.ted. A spectrum of 
this sample, ma.de by sca.ttering 4He+ ions with an incident energy of 3500 eV is 
shown in fig. 6.6. From the area.s under the peaks, the concentration of 10B at the 
surface can be calculated to be 0.16 ± 0.02. The uncertainty in this concentration 
is a.lmost fully determined by the difficulty in obtaining accurate pea.k areas from 
spectra. such as shown in fig. 6.6. It is important to rea.lize that the inaccuracy in 
the a parameter has only a. minor influence, since there is only a. small difference 
in velocity for 4He+ scattered from 10B a.nd 11 B. 

The observed concentra.tion of 10B in the outermost atomie layer differs signif-
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icantly from the bulk concentration of 0.20. As the only treatment of the target 
was sputtering (by the same ion beam as was used for the analysis) this depletion 
in 10B must be due to preferential sputtering. 

The occurrence of preferential sputtering in B wa.s also found experimentally by 
Baumel and coworkers [7]. Using a 100 keV Ne+ ion beam in a. SIMS experiment 
they found a. depletion of the 10B. For He sputtering this was also found by Eckstein 
and Biersa.ck [8} in a TRIM computer simula.tion. 

Although both agree in the depletion of 10B in the surface, the effect found, 
when extrapolated to our energies, is smaller than in our case. The reasons for this 
discrepancy are not yet fully understood. 

The magnitude of the depletion in 1°B as obtained with the DISC method 
depends on the neutralization model which is chosen (see eq. 6.5). For other mod
els, which, for example, include the incident velocity, the characteristic velocity is 
somewhat different. However, due to the small difference of the final velocities of 
the ions scattered from 10B and 11 B, this only bas a minor infiuence on the 10B 
concentra.tion. The effect of preferential sputtering is significant in all cases. The 
choice of the neutralization model will be discussed in the future. 

6.5 Conclusion 

The DISC (dual-isotope surface composition) method for obtaining quantitative 
results from LEIS spectra has been demonstrated. With this method it is possible 
to obtain quantitative compositions for multicomponent samples, without the use 
of calibration samples. 

The surface composition of a. natural boron sample bas been examined by LEIS, 
and preferential sputtering ha.s been observed. The depletion of 10B is larger than 
was expected theoretically. Since the two boron isotopes are chemically the sa.me, 
the preferential sputtering must be due to the mass difference between them. 

In the future the accuracy of the DISC method can be further improved by 
applying better methods for obtaining peak area.s. 
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Summary 

The work described in this thesis has reference to the surface analysis by aid of the 
analytica! technique low-energy ion scattering (LEIS) 

By aid of this analytical technique, the chemical composition and the structure 
of a surface can be determined. In the first chapter of this thesis, an idea will be 
given of the differences which can appear between surface and bulk. Moreover, 
attention will be paid to techniques which may be used for studying surfaces. 

Subsequently (chapter 2), a genera! introduction to low-energy ion scattering 
will be given with the aim of providing the necessary insight to the reader for 
understanding the next chapters. In LEIS, (inert) gas ions with a known energy 
are directed onto a target. The ions can be scattered from the atoms in the surface. 
Roughly speaking, the composition can be determined from the energy loss of the 
ions, while the structural information is contained in their direction of scattering. 
In practice, this implies tbat many energy spectra of scattered ions, measured in 
various directions, are· necessary to determine the composition and structure of 
a surface. A problem related to this is that the surface will be damaged by the 
incident ions. 

In the group Physics of Surfaces and Interfaces, a new type of ion scattering 
apparatus is being developed. With this setup it will be possible to determine the 
composition and structure of a surface simultaneously. Beside a sa.ving of time, a 
much smaller surface damage will be realized. The cylindrically symmetrie double 
toroidal electrostatic analyzer makes a representation of the compositional infor
mation in the radial direction and of the structural information in the a.zimuthal 
direction. In this manner, a more efficient use of the scattered ions is made in 
the EARISS (Energy and Angle Resolved Ion Scattering Spectroscopy) apparatus. 
The ions leaving the analyzer are detected by means of a two-dimensional posi
tion sensitive detector. The first measurements with the new setup (see chapter 3) 
proved, that particularly the detection system needed some improvements. · 

The research on the detector will be presented in chapter 4, after a description 
of the components of the EARISS apparatus, relevant for the understanding of the 
problems mentioned. By means of a computer simulation, the imaging properties 
of the detector have been investigated. The calculations have led to changes to the 
detector. The detector unit has been tested in a separate setup; the results from 
these tests can be understood with the help of the simulations. 
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The modified detector has been mounted in the EARISS appa.ra.tus. The results 
with respect to the ma.ss resolving power a.re very hopeful: the two Ni isotopes 
68Ni a.nd 60Ni ca.n be separated with a. good resolution. For a good azimuth· 
resolving power, a.n azimuth selector, which prevents ions from following spiral 
shaped tra.jectories through the analyzer, will be necessary. The construction of 
the a.zimuth selector is in progress. 

Beca.use of the difference in sensitivity of LEIS for different elements, the com· 
position cannot be determined quantitatively directly from the energy spectrum of 
the sca.ttered ions (mass information). Two methods for quantification have been 
developed. 

A method, which can be used for quantitative a.nalysis of a surface, is by use 
of calibration samples, to determine the rela.tive sensitivity of LEIS to the various 
elements in the surfa.ce (see cha.pter 5). A disadvanta.ge of this method is that it is 
very laborious, if the sample contains ma.ny elements. 

The use of calibration samples can be avoided by use of the quantification 
method described in cha.pter 6. Using both 3He+ and 4He+ a.s prima.ry ions, two 
spectra are mea.sured. From the differences in scattered ion yields from the sa.me 
element, the rela.tive sensitivity, and thus the composition, can be determined. 



Samenvatting 

Het werk, dat in dit proefschrift wordt beschreven, heeft betrekking op het opper
vlakteonderzoek met behulp van de analyse techniek lage-energie ionen verstrooiing 
(LEIS). 

Met behulp van deze analyse techniek kunnen de chemische samenstelling en 
de structuur van een oppervlak worden bepaald. In het eerste hoofdstuk van dit 
proefschrift wordt een indruk gegeven van de verschillen die kunnen optreden tussen 
oppervlak en bulk. Bovendien wordt aandacht besteed aan technieken die voor de 
bestudering van oppervlakken kunnen worden gebruikt. 

Vervolgens (hoofdstuk 2) wordt een algemene inleiding in lage-energie ionen ver
strooiing gegeven, met als doel de lezer de benodigde inzichten voor het begrip van 
de volgende hoofdstukken te verschaffen. By LEIS worden (edelgas) ionen met een 
bekende energie op een oppervlak geschoten. De ionen kunnen worden verstrooid 
aan de atomen in het oppervlak. Globaal gezien kan de samenstelling worden 
bepaald uit het energie verlies van de ionen, terwijl de structuur-informatie vervat 
zit in de richting waarin ze zijn verstrooid. In de praktijk betekent dit dat voor de 
bepaling van de samenstelling en structuur van een oppervlak vele energiespectra 
van verstrooide ionen, gemeten in verschillende richtingen, noodzakelijk zijn. Een 
probleem hierbij is dat het oppervlak wordt beschadigd door de invallende ionen. 

In de groep Fysica van Oppervlakken en Grenslagen wordt een nieuw type ionen 
verstrooiings apparaat ontwikkeld, waarmee het mogelijk zal zijn om gelijktijdig 
de samenstelling en de structuur van een oppervlak te bepalen. Naast een grote 
tijdsbesparing wordt hiermee ook een veel geringere oppervlakte beschadiging ge
realiseerd. De cylinder symmetrische dubbel toroidale elektrostatische analysator 
maakt een afbeelding van de structuur-informatie in azimuthale richting en van 
de informatie over de samenstelling van het oppervlak in radiele richting. Op 
deze wijze wordt in het EARISS {Energy and Angle Resolved Ion Scattering Spec
troscopy) apparaat een efficient gebruik gemaakt van de verstooide ionen. De ionen 
die de analysator verlaten worden gedetecteerd met een twee"-dimensionale plaats
gevoelige detector. De eerste metingen met dit nieuwe apparaat (hoofdstuk 3) 
wezen uit dat met name het detectie gedeelte nog aanpassingen behoefde. 

Het onderzoek aan de detector wordt gepresenteerd in hoofdstuk 4, na een 
beschrijving van de voor het begrip relevante delen van het EARISS apparaat. Met 
behulp van computersimulaties is uitgezocht wat de beeldvormende eigenschappen 
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van de detector zijn. De berekeningen hebben geleid tot een aanpassing van de 
detector. In een aparte opstelling is deze getest; de resultaten kunnen aan de hand 
van de uitkomsten van de simulaties worden begrepen. 

De gewijzigde detector is in het EARISS apparaat gemonteerd. Pe resultaten 
met betrekking tot het massa scheidend vermogen zijn erg hoopgeve~d: met een 
goed oplossend vermogen kunnen de isotopen van Ni worden gescheiden. Voor een 
goed hoek-oplossend vermogen zal een azimuth selector, die voorkomt dat ionen 
spiraalvormige banen door de analysator beschrijven, noodzakelijk zijn. Deze is in 
ontwikkeling. 

Doordat de gevoeligheid van LEIS voor ieder element verschillend is, kan uit een 
energie spectrum van verstrooide ionen (massa informatie) niet direct een kwan
titatieve samenstelling worden bepaald. Twee methodieken ter kwantificering zijn 
ontwikkeld. 

Een methode waarmee kwantitatieve uitspraken over de samenstelling van een 
oppervlak kunnen worden gedaan is het gebruik van ijkpreparaten om de onderlinge 
gevoeligheid van LEIS voor de verschillende elementen in het oppervlak te bepalen 
(zie hoofdstuk 5). Een nadeel van deze methode is dat ze erg bewerkelijk wordt 
indien er zich veel elementen in het oppervlak bevinden. 

Het gebruik van ijkpreparaten kan worden vermeden met de kwantificeringsme
thode zoals beschreven in hoofdstuk 6. Met zowel 3He+ als 4He+ als primair ion 
worden twee spectra gemeten. Uit het verschil in signaal van de verstrooide ionen 
aan hetzelfde element, kunnen de onderlinge gevoeligheden van de verschillende 
elementen in het oppervlak en daarmee de samenstelling worden bepaald. 
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1 Stemngen bjj het proefschrift van P.A.J. Ackermans. 

1. De wensen die Aono [1] heeft ten aanzien van de gelijktijdige detectie van het 
complete energie spectrum va.n de verstrooide ionen (of een aanzienlijU deel 
daarvan) zijn in het EARISS apparaat verwezenlijkt. 
[1] M. Aono, Nucl. Instr. and Meth. in Phys. Res. B2(1984)374 

2. Bij het bepalen van de positie in poolcoordinaten van het zwaartepunt van een 
ladingswolk met behulp van een rotatie-symmetrisch strippenpatroon wordt 
altijd een te grote straal gemeten. 
Dit proefschrift, hoofdstuk 4. 

3. Ten onrechte stellen Smith et al. [l] dat de door hen gebruikte waarden voor 
de energie en de emissiehoek van een electron aan de rand van een ladingswolk 
uit een kanalenplaat zijn gesuggereerd door Bronshteyn et al. [2]. 
[l] A. Smith, R. Kessel, J.S. Lapington and D.M. Walton, Rev. Sci. Instr. 
Q0.(1989 )3509 
[2] I.M. Bronshteyn, A.W. Yevdokimov, V.M. Stozharov and A.M. Tyutikov, 
Rad. Eng. El. Phys. 24(1980)150 

4. Hoewel het een directe methode lijkt, is secondary ion mass spectroscopy 
(SIMS) geen geschikte techniek voor het bestuderen van preferentieel sput
teren. 
L.M. Baumel, M.R. Weller, R.A. Weller, and T.A. Tombrello, Nucl. Instr. 
and Meth. in Phys. Res. B34{1988)427 

5. De constatering van Hwang et al. [1] dat de hoge resolutie van het SPA
LEED apparaat; ontwikkeld door Scheithauer et al. [2], een gevolg is van de 
kleine bundeldiameter, is onjuist. 
[l] R.Q. Hwang, E.D. Williams and R.L. Park, Rev. Sci. Instr. §Jl(1989)2945 
[2] U. Scheitbauer, G. Meyer and M. Henzler, Surf. Sei.118(1986)441 

6. Alhoewel de techniek photon scanning tunneling microscopy (PSTM) [lj veel 
overeenkomsten vertoont met conventionele scanning tunneling microscopy 
(STM), suggereert de naam ten onrechte dat er sprake is van tunneling. 
[1] D.P. Tsai, H.E. Jackson, R.C. Reddink, S.H. Sharp and R.J. Warmak, 
Appl. Phys. Lett. M.(1990)1515 

7. Het beschouwen van de oppervlakte-energie van aan NiO verwante oxides, en 
van de kristalstructuur van ;-Ah03 , kan leiden tot een volledig andere Jnter
pretatie van de ionen verstrooiings spectra die aan deze gedragen katalysator 
(Ni0/;-Al20 3) zijn gemeten [1,2]. 
[l] M. Wu and D.M. Hercules, J. of Pbys. Chem. JJJ(1979)2003 
[2] R.A. Horrel and D.L. Cocke, Catal. Rev. - Sci. Eng. ,2%1987)447 
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8. De conclusies, die van Langeveld en Niemantsverdriet [l] verbinden aan het 
door Williams en Nelson [2] gemeten verloop van de Pt concentratie aan 
bet oppervlak van PtRh legeringen als functie van de temperatuur, zijn niet 
gerechtvaardigd. 
[l] A.D. van Langeveld and J. W. Niemantsverdriet, Surf. Sei. ll8.(1986)880 
[2] F.L. Williams and G.O. Nelson, Appl. Surf. Scl . .3(1979)409 

9. Het publiceren omwille van de publicatie helpt de wetenschap niet vooruit. 
Integendeel, het vertroebelt de blik op.publicaties met een echte boodschap 
en leidt niet tot een evenredige vergroting va.n de beschikbare hoeveelheid 
kennis. 

10. Wanneer het in de voetbalsport wordt geaccepteerd, dat beslissingen van de 
scheidsrechter met betrekking tot gele of rode kaarten, naderhand naar aan· 
leiding van videobeelden worden gewijzigd, zou dit ook voor andere foutieve 
beslissingen, zoals bijvoorbeeld doelpunten gescoord vanuit buitenspel positie 
of ten onrechte toegekende strafschoppen, moeten gebeuren. 


