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Chapter 1

General introduction
A brief historical background is presented of the development of analytical nuclear
techniques performed with particle accelerators. The description is limited to techniques that later became important as applications for ion microprobes. In this
thesis, the emphasis is placed on the ion-optical description of quadrupoles and
microprobe systems and on the realisation of a scanning microprobe coupled to the
Eindhoven cyclotron. Some properties of the Eindhoven cyclotron are discussed
and a brief description is given of the layout of the experimental hall. In the last
section, the aim and layout of this thesis are discussed.

1.1

Historical background

The use of high-energy ion beams for elemental analysis and the characterisation
of materials has increased rapidly during the last 25 years. It is now possible to
determine most of the elements in the periodic table with detection limits in the
order of ppm (part per million by weight) or better. Furthermore, it is possible
to determine depth profiles or even complete two or three-dimensional elemental
distributions with depth resolutions in the nm range and lateral resolutions in the
JJ.m or sometimes sub-micron range.
From a historical perspective, it took until the 1950s before accelerator-pro.,
duced light-ion beams with energies of several Me V could be used for elemental
analysis. Rubin et al. [Rub 57] were one of the first who reported on the possibilities of using high-energy ion beams for elemental analysis. They determined
the elemental composition of thick specimens using a technique that later became
known as Rutherford Backscattering Spectroscopy (RBS). The usefulness of the
RBS technique was later increased by several developments. First, the development of the surface-barrier detector meant that spectroscopy became a method
for practical use (see for example [And 66]). Second, the use of RBS together
with channeling made it possible to determine the location of elements within a
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crystalline structure [Mac 69]. Also, developments in electronics like multi-channel
analysers made spectroscopy much easier to perform.
In addition to RBS, Rubin et al. [Rub 57] started with Nuclear Reaction Analysis (NRA) by detection of gamma rays and charged particles produced by deuteron
beams. By 1962 the other NRA techniques were also introduced: analysis by detection of neutrons and the determination of depth profiles from charged-particle
spectra and from gamma-producing resonances [Ams 62].
In the 1960s electron-induced characteristic X-rays already were an important
analytical tool. Experimental results on the production of characteristic X-ray
spectra by protons with energies between 100 and 250 ke V were presented by,
for instance, Van Loef et al. [Loe 62] in 1962. Sterk [Ste 65a] and Khan et al.
[Kha 66] demonstrated by means of proportional counters that the ratio between
the characteristic X-rays and the bremsstrahlung background was much improved
when Me V protons were used instead of electrons. The first practical use of Particle
Induced X-ray Emission (PIXE) came in 1970 with the development of the Si(Li)
X-ray detector [Joh 70].
The fourth analysis technique is Elastic Recoil Detection Analysis (ERDA).
The technique was described in 1976 by L'Ecuyer [Lee 76]. With this technique
depth profiles of light elements can be measured by detection of light recoiled
nuclei during bombardment of a target with heavy ions. The depth profiles can
be obtained by measuring the recoil energy, the recoil time of flight (TOF) or by
magnetic deflection of the recoil particle.
With three of the four analysis techniques mentioned above (RBS, NRA and
ERDA), it is possible to determine depth profiles. The fourth technique (PIXE)
does not give depth information of the elements in the sample. All these techniques
can be combined with a microbeam to give two or three-dimensional elemental
distributions of the elements present in the sample. Generally, the combination
of a microbeam with these techniques can provide a powerful tool in materials
science. One of the most successful combinations is micro-PIXE which determines
trace elemental distributions in biological materials. Also, micro-RBS is often used
to characterise semiconductors for examples.
The first microbeam was developed before any of the above-mentioned techniques were available. It was a collimated microbeam [Zir 53] with a beam size
of about 2.5 J.Lm and a beam current of a few hundred protons per second at an
energy between 0.3 and 1.0 MeV. It was used to investigate radiation damage in
various parts of cells. The available beam current was much too low to perform
other analytical work. It took until1966 before collimated microbeams were used
for analytical work ([Pie 66] and [Mak 66]). In these cases NRA was used as the
analytical technique with a beam size of a few hundred J.Lm. In the years that
followed, the size of the collimated microbeams decreased and the number of applications increased. The introduction of PIXE with Si(Li) detectors with a high
efficiency and energy resolution by Johansson et al. [Joh 70] made it possible to
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produce elemental maps measured with a relatively low beam current. The first
use of such a system was by Horowitz and Grodzins (Hor 75], who produced elemental distributions of major elements of biological and geological samples. The
major problem in the development of the microprobe technique is the lack of beam
current. Also, the collimators have to be designed carefully to prevent slit scattering. For an overview of collimated microbeams see Watt and Grime (Wat 87].
To overcome the problems with collimated microbeams magnetic or electrostatic
focusing systems can be used. These systems consist of an object diaphragm with
a diameter of 10-100 JJ.m that is demagnified by means of the lens system. The first
focused microbeam was constructed in Harwell by Cookson et al. in 1969 [Coo 72].
From 1977 onwards the number of microprobes increased rapidly. Most microprobes aim at a spot with a size of a few JJ.m or smaller with a beam current
high enough to perform elemental analysis. In the attempts to obtain these beam
sizes, different focusing systems like magnetic or electrostatic doublets, triplets and
quadruplets were used. Also, more exotic systems like superconducting solenoids
[Mag 80] or plasma lenses [Ove 83] were tried. To reduce the influence of the
beam energy spread on the spot size achromatic quadrupoles can be used. An
achromatic quadrupole is a magnetic quadrupole with an electrostatic quadrupole
inserted. They were used in a doublet configuration [Mar 82] that resulted in
a reduction of the influence of the chromatic aberrations by more than a factor
of ten. Nowadays about 40 microprobes are in operation. A few of them can
produce a beam size with a diameter smaller than 1 JJ.m with a beam current
higher than 100 pA ([Wat 81],[Leg 82]). The state-of-the-art microprobe has a
spot diameter of 0.3 JJ.m with a beam current of 100 pA (Gri 93]. Developments
in electronics were very important for applications of the microprobes. The most
important were the availability of multi-channel analysers and the introduction of
an event-by-event data-acquisition system in 1979 [Leg 79]. Recent developments
in the optimisation of the performance of microprobes are: the investigation of an
achromatic triplet [Tap 91], a two-stage microprobe [Mol 91], and the correction
of spherical aberrations with octupoles [Jam 88a]. The performance of the accelerator can be improved by reducing the beam energy spread and increasing the
brightness (section 1.2).
With the analytical techniques described above, elemental distribution maps
can be made of the various elements in the samples under investigation. All
techniques described above require a beam current of at least 100 pA or more to
provide an acceptable minimum detection limit. A few imaging techniques can be
used that need only a fraction of this beam current. The first one is secondaryelectron imaging. This technique is analogue to imaging with electron microprobes.
With this technique it is possible to produce images of the sample, although the
contrast not only depends on the elemental composition of the sample but rather
on its topography [You 79]. The second imaging technique started around 1983
([Ove 83], (Sea 83]) and is called Scanning Transmission Ion Microscopy (STIM).
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In this technique a detector is placed behind the sample and the energy loss of
the ions is measured. In this way an energy loss distribution and in many cases
an areal density distribution can be determined. In principle only one ion per
pixel is necessary to make an image. Since very small beam currents may be used
(fA), the beam size can be decreased too. At the moment, the smallest beam
size used for STIM analysis is 50 nm [Leg 93]. By measuring STIM distributions
at different rotation angles of the sample, three-dimensional density distributions
can be calculated. This technique is called STIM tomography (see for example
[Sai 93]). STIM can also be combined with other analysis techniques, like PIXE
and channeling, when higher beam currents are used. During the last few years
new techniques such as Ion Beam Induced Charge (IBIC) and the use of a Single
Event Upset (SEU) have been introduced. IBIC is used to measure the production
and collection of electron-hole pairs in semiconductors ([Ang 89], [Bre 92]). SEU
is used in cases that a single particle causes a change of material characteristics,
such as the charge deposited in a memory cell of a chip ([Nas 91] and [Doy 92]).
Both techniques can also be used with a very low beam current.

1.2

The cyclotron laboratory

The AVF-cyclotron of Eindhoven University of Technology is the Philips prototype AVF-cydotron ([Ver 62], [Hag 66]). It is a variable-energy cyclotron with a
maximum energy of 30 MeV for protons and a-particles. The minimum energy is
a few MeV. Nowadays, the external beam current that can be used varies from a
few p,A for a-particles to about 70 p,A for protons. The measured 50% emittance
of the beam is 27 mm mrad horizontally and 20 mm mrad vertically for 7 Me V
protons [Sch 73]. The beam guidance system is equipped with a dispersive system
to reduce the beam energy spread. The system consists of two horizontal slit systems (SB1 and SC2 in fig. 1.1), two 45° bending magnets and three quadrupoles
between the two bending magnets [San 73]. The beam transport system can be
tuned to a nondispersive mode or to a dispersive mode at the cost of beam intensity (see table 1.1). The beam current is linear with a selected energy spread
down to 0.1 %, and decreases quadratically with decreasing energy spread below
that value. In practice, the transmission through the dispersive system is lower
than the theoretical values. For example, the transmission is about 15 % in the
case of a beam energy spread of 0.1 %.
For microprobe purposes several parameters are important, among which the
beam energy spread, the brightness of the beam and the focusing system. Most of
the microprobe set-ups consist of an object diaphragm, an aperture diaphragm and
a focusing system consisting of two, three, or four quadrupoles. The brightness B
of the beam is defined at the object diaphragm as
B

=

I

XoYoeo«Po

,

(1.1)

General introduction

0

-.:;
c

"'
E
0

Figure 1.1: Over·view of the cyclotron hall. CYGNE is a station to produce radionuclides. !LEG is the Isochronous Low Energy Cyclotron. The four analysis
set-ups are indicated as PIXE, microprobe, channeling and RBS/GERDA.
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with I the beam current at the end of the microprobe set-up, X 0 and Y0 the width
of the object diaphragm in the X and y-direction, respectively and e 0 and <1.> 0
the full beam-divergences in the x and y-direction, respectively. The brightness is
given in pA/ pm 2 mrad 2 • For the Eindhoven microprobe, the brightness in the case
of a non dispersive tuning of the beam-guidance system is about 0.4 pA/ pm 2 mrad 2
and < 0.1 pA/ pm 2mrad 2 in the case that the beam-guidance system is tuned to
a dispersive mode, to give a beam energy spread of about 0.1 %. The external
cyclotron beam current in these cases is 30 pA. The values of the brightness were
measured with X 0 = Y0 = 1 mm and e 0 = <1> 0
0.4 mrad. The brightness decreases at object sizes > 1.5 mm or divergences > 0.6 mrad. The most commonly
used accelerators to produce a microprobe are electrostatic accelerators such as
Van de Graaff accelerators. Their energy range is usually between 1 and 10 MeV
and their brightness ranges from 1 to 10 pA/ pm 2mrad 2 with a beam energy spread
between 0.01 and 0.1% FWHM. Since cyclotrons have a larger energy spread and
a lower brightness, they ate less suited for microprobe operation. Nowadays, cyclotrons are hardly ever used to produce a microprobe. The Eindhoven microprobe
is one of a few microprobes left that still use a cyclotron beam. In this thesis it is
shown that a cyclotron operated microprobe can be used to produce a microbeam
with a size of a few pm or more with enough beam current to perform elemental
analysis. Beam sizes in the range of a Kew pm up to 20 pm can be applied in many
problems in biology and medicine.
The cyclotron beam is used in two fields of applications. The first field is
the production of radionuclides for medical diagnostics by the firm CYGNE B. V.
([Wit 86], [Dor 85], [Jan 88]). Elemental-analysis techniques for the characterisation of materials are the second field of applications. The experimental set-ups can
be seen in fig. 1.1. The PIXE set-up is used for PIXE experiments with beam sizes
varying from 1 mm to 1 cm. This set-up is mainly used for biomedical and environmental applications. An important area of investigation is thick target PIXE.
For a detailed description of the PIXE set-up and its applications see [Mun 94].
In the RBS/CERDA experimental set-up RBS experiments and coincident ERDA
(CERDA) experiments are performed. For a detailed description of the CERDA

=

Table 1.1: Calculated beam energy spread and transmission of the transport
system in the dispersive mode for 7 Me V protons {San 79}.

SBl width
(mm)

SC2 width
(mm)

energy spread

transmission

(%)

(%)

-

-

1.3
0.6
0:3

1.5
0.7
0.4

>0.3
0.1
0.05
0.03

100
33
8
2
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method and possible applications see [Rij 93]. The channeling set-up is a new
set-up and will be used to investigate the location of elements in a crystalline
structure with high-energy channeling. Finally, the microprobe set-up has been
used to determine trace-element distributions in mainly biomedical samples. The
techniques used are a combination of micro-PIXE, micro-RBS and micro-FS. This
set-up is described in detail in this work.
The Isochronous Low Energy Cyclotron ILEC will be used in the future to
perform PIXE and microprobe experiments. This cyclotron has been designed
to give a fixed energy (2.9 MeV) proton beam with a lower beam energy spread
(< 0.1%) and a higher brightness compared to the 30 MeV cyclotron [Hei 92].

1.3

Microprobe set-up and layout of thesis

In 1977 the SPIXE (Scanning Particle Induced X-ray Emission) project was started
in the cyclotron group at Eindhoven University of Technology. An asymmetric
quadruplet lens system was used to focus the beam to a spot size of 40 x 60 J.lm 2
with a beam current of about 150 nA [Pri 81]. The beam was used to study elemental distributions by moving the sample by a step-motor controlled x-y translation
table. A PDP-11 computer was used for on-line experiment control and dataacquisition. The data handling system is described in [Pri 82]. It was not possible
with this data-acquisition system to use more than one detector. The microprobe
was mainly used to determine trace-element distributions in biomedical samples
(see for example [Dik 82],[Pri 84]). In 1987 the size of the microprobe was improved to 10 x 10 J.lm 2 with a beam current of about 2 nA ([Mut 87], (Mut 90]).
Smaller beam sizes could not be obtained because of large parasitic aberration
coefficients.
The Eindhoven microprobe is mainly used to determine trace-element distributions in biomedical samples. To be able to determine these distributions at a
cellular level, a beam size of about 1 J.lm is necessary with sufficient beam current
to be able to apply scanning PIXE and RBS. This thesis focuses on the design and
construction of an improved microprobe. A general ion-optical theory is given for
magnetic quadrupoles. The characteristics of the existing quadrupoles have been
determined and an improved microprobe designed. A new data-acquisition system
has been designed and built to perform scanning PIXE and RBS experiments.
In 1990 the microprobe set-up was improved during the rebuilding of a large
part of the cyclotron hall. The aim of the improvements was to obtain a spot size
of a few J.lm with enough beam current to perform scanning PIXE experiments.
Also, experiments with larger beam sizes and beam currents had to remain possible. The major change was the reduction of the parasitic errors in the set-up by
improving the alignment procedure. A second improvement was the opportunity
to measure simultaneously with more than one detector. In this way micro-PIXE
could be combined with micro-RBS, micro-FS, STIM, etc. The third important
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improvement was the introduction of a scan magnet between the final quadrupole
and the target. Scanning the beam across the sample with a sufficiently high scanning speed reduces the temperature of the sample. This is especially important for
biomedical samples to prevent temperature damage. In the first part of chapter 2
a description is given of the new experimental set-up. The opportunity to measure with more than one detector and the introduction of the scan magnet made
it necessary to use a new, more complicated, data-acquisition system. The new
system was designed as a general multi-parameter data-acquisition system, not
only dedicated to microprobe experiments but also to be used for multi-parameter
experiments in other set-ups. The total system consists of two parts. The first
part is the real-time data-acquisition system PhyDAS that is used for experiment
control and the acquisition of the multi-parameter data. During the measurement
the data are transferred to a workstation. The second part is the workstation that
is used for data monitoring and off-line analysis. The design of the data-acquisition
system, its software and the data monitoring and off-line analysis software on the
workstation are discussed in the second part of chapter 2.
To focus the beam to a spot of a few pm, multiplet lens systems are generally used. In Eindhoven a magnetic quadruplet lens system is used. In general
quadruplet lens systems can be operated with many different combinations of the
strengths of the quadrupoles. To be able to calculate the optimum setting of the
Eindhoven quadruplet first the characteristics of the single quadrupoles have to be
determined first. The focusing properties of a quadrupole can be described by its
aberration coefficients. For microprobe purposes these aberration coefficients have
to be known up to third order. The aberration coefficients can be divided into intrinsic or real aberration coefficients and parasitic aberration coefficients. The first
are independent of misalignment parameters and relate to a perfect quadrupole.
The latter are the result of imperfect constructions or misalignments. In the first
part of chapter 3 the trajectory equations of charged particles in a quadrupole field
are derived up to third order for a quadrupole field including its fringe fields, the
energy spread of the particles and possible sextupole and/or octupole components.
Then the first, second and third order intrinsic aberration coefficients are derived
analytically from the trajectory equations. The properties of a complete focusing
system can be described by the aberration coefficients of the complete system. A
number of experimental methods can be used to determine the characteristics of a
quadrupole. In the second part of chapter 3 the grid-shadow method is described
and the results are given.
In chapter 4 the complete quadruplet lens system is described in terms of aberration coefficients. These, analytically calculated, aberration coefficients are compared with numerical calculations with ray-tracing codes and with measurements
of aberration coefficients. The analytically calculated aberration coefficients are
also compared with three successful microprobe systems from literature, namely a
doublet, a triplet and a Russian quadruplet lens system. All of these systems use
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an accelerator with a higher brightness and a lower beam energy spread compared
to a cyclotron. This means that to operate a microprobe with a cyclotron beam, a
different quadrupole setting should be used. In this chapter three different settings
are presented and compared. The intrinsic aberration coefficients are not the only
important aberration coefficients in the construction of a microprobe. The parasitic aberration coefficients are necessary to calculate the alignment accuracies.
For the above-mentioned settings the parasitic aberration coefficients are included.
Finally, in this chapter spot size measurements are presented and compared with
the calculations.
All analysis techniques described in section 1.1 can be used as applications for
a microprobe. One of the most important techniques to determine trace-elements
in biomedical materials is micro-PIXE. In chapter 5 a description is given of the
possibilities there are for elemental mapping with the Eindhoven microprobe with
regard to biomedical samples. The problem of the determination of trace-elements
with PIXE is treated elsewhere in detail (see for example [Joh 88] or [Mun 94]).
In chapter 5 only a general description is given of micro-PIXE.
In principle a number of calibration methods are available to calculate concentrations. Two of the methods are described and compared in chapter 5. First,
the bremsstrahlung background can be used as an internal standard. Second,
the local areal mass density of the sample can be determined by measuring scattered particles. Both methods have been used to determine mass thicknesses and
concentrations in the analysis performed and they are discussed.
In the second part of chapter 5 an important application of the Eindhoven
microprobe is discussed. It is the determination of platinum distributions in rat
tumours that were treated with chemotherapy with different routes of administration of the drug. This may be of importance for therapeutic use. The platinum
distributions were studied after the route of administration of cis-platin or carboplatin was changed from intravenous to intraperitoneal with or without combination with hyperthermia. The experimental method is described and a summary
is given of the results that have already been published in part elsewhere. In this
work the medical background and implications of the study are not discussed.
Finally, in chapter 6 a conclusion is given and recommendations are given for
future work.
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Chapter 2

Experimental set-up and
data-acquisition system
The experimental set-up of the improved microprobe is presented. The aim of
the new microprobe is to produce a beam spot with a diameter of a few pm with
enough beam current to perform micro-PIXE and RBS experiments. To reduce
beam damage and to obtain spatial information the new microprobe is equipped
with a beam scanning system. The consequence of this choice was that also a new
data-acquisition system had to be built. This data-acquisition system consists of an
acquisition part, a data-monitoring part and a data-analysis part. In this chapter,
the design and realisation of the complete data-acquisition system are discussed.
Finally, a conclusion about the experimental set-up and the data-acquisition system
is given.

2.1

Experimental set-up

2.1.1

Microprobe beam line

Figure 2.1 shows schematically the new scanning proton microprobe. The
beam enters the set-up from the left. The object and aperture diaphragms define
the object size and the divergence of the beam. The beam is focused by four
quadrupoles in a spot on the target and is finally stopped in the Faraday cup.
The scanning magnet is used to move the beam across the target while X-rays and
scattered particles coming from the target are detected. The distances between
the diaphragms and the quadrupoles are listed in table 2.1. In the following the
different parts of the set-up will be described in detail.
Beam line
The beam enters the microprobe set-up through the 22.5° port of the switching
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Figure 2.1: Side view of the scanning proton microprobe. The middle part of
the microprobe set-up is not drawn. For details see the text.
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Table 2.1: Distances between diaphragms and quadrupoles.

effective length quadrupole
total length quadrupole
distance first - second diaphragm
distance second diaphragm- centre Ql
distance centre Q1 - centre Q2
distance centre Q2 - centre Q3
distance centre Q3 centre Q4
distance centre Q4 - target
total length system

180 mm
375 mm
5645 mm
273
380 mm
376 mm
380 mm
376 mm ,
7430 mm '

magnet with a maximum beam current of about 30 p,A for 3 MeV protons. The
beam pipes of the microprobe are made of AI and have an internal diameter of 45
mm and an outer diameter of 50 mm.
The part of the microprobe set-up before the aperture slits is mounted on steel
supports that are connected to the concrete floor. Vibrations originating from
the pumps of the beam guidance system are damped by using a bellows between
switching magnet and vacuum valve. The remaining part of the microprobe set-up
is placed on a heavy granite block placed on top of vibration damping materials
[Spe 90]. This support only absorbs high frequency vibrations. Low frequency
vibrations cannot be absorbed because of the resonance frequency of a few Hz of the
support. Low frequency vibrations should, however, only introduce a translation
of the total optical system and have a limited effect on the beam spot size (see
chapter 4).
The beam pipe is pumped with a 50 Is- 1 turbo molecular pump (TMP). The
vacuum in the beam pipe normally is about 10- 5 mbar. Vibrations coming from
this pump and its roughing pump are absorbed by bellows between roughing pump
and TMP and the beam pipe. No beam spot size enlargement is seen when the
TMP is switched on and off during the measurements. A beam stop is used for
measuring the beam current while tuning the beam guidance system. An earth
magnetic field correction coil is placed along the beam pipe in the length direction
to prevent introduction of alignment aberrations. The TMP, the beam stop and
the earth magnetic field correction coil are not drawn in fig. 2.1.
To align the total microprobe set-up a laser is placed behind the switching
magnet. The total alignment procedure will be discussed in chapter 4.
Object and aperture diaphragms
The beam enters the microprobe set-up and impinges first on a rotatable disc with
eight diaphragms that vary in size from 1 mm up to 20 mm. The commonly used
diaphragm size is 1 mm. Under these conditions the disc intercepts about 95% of
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Figure 2.2: Jaw shape of the object and aperture slits.

the beam current to prevent excessive heating of the object diaphragm.
The so called "Heidelberg" -shaped object slits are made of four stainless steel
jaws defining a square diaphragm. The width of the diaphragm is continuously
variable by micrometer screws from a few ern down to 50 J.trn. The Heidelberg jaw
shape (see fig. 2.2) is chosen because this gives a minimum of slit scattering and
thus the least beam halo [Nob 75]. The stainless steel is polished to a roughness
of the surfaces and beam defining edges better than 1 pm. Recently however, the
Heidelberg microprobe group performed another study regarding slit scattering in
a microprobe set-up. Their results show that a high polished tungsten carbide
cylindrical shaped jaw would be more favourable when working with small apertures [Sch 88]. Usually, the object slit width is 140 pm horizontally and 500 J.trn
vertically when aiming at the smallest spot size. With the diaphragm disc at 1
mm the object slits still intercepts about 1.5 pA current. The object slit system
is water cooled to reduce thermal expansion caused by the heating of the jaws.
The aperture slits have the same construction as the object slits. They also are
continuously variable by micrometer screws from a few ern down to 50 pm. These
slits intercept much less beam current than the object slits and water cooling is
not necessary.
Quadrupoles
Four quadrupoles, originally designed for the beam guidance system of the cyclotron, are used for the microprobe. The lenses have an aperture radius of 26
mm. Although smaller quadrupoles could result in smaller beam spot sizes the
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Figure 2.9: Cross section of a used quadrupoles, the detail shows the polygon
pole tip shape.

large quadrupoles are used because of their availability and low multipole contamination (see chapter 3). In fig. 2.3 the cross section of a quadrupole is shown. The
physical length of the pole of a quadrupole is 150 mm, the geometrical length is
390 mm because of the extend of the coils and the water cooling. The diameter
of the quadrupoles is 360 mm. The number of windings per coil is 250 resulting
in a maximum value of the field gradient of about 21 Tm- 1 at a current of 20 A.
The quadrupole has a polygon pole shape as an approximation for the hyperbolic
pole shape. Detailed information about the pole shape and the quality of the
quadrupoles in terms of multipole contamination is given in chapter 3.
The quadrupoles are placed on stages (see fig. 2.4) for the precise adjustment
of the horizontal and vertical translation and tilt with about 15 p.m resolution and
axial rotation with 5 p.rad resolution. This allows an accurate alignment of the
quadrupoles with the ion optical axis without introduction of parasitic aberrations
that can enlarge the beam spot (see chapter 4).
Scanning system
A scanning device is used to measure trace element concentration distributions in
a sample. If the scanning is fast enough it can be used to prevent excessive heating
of the sample and thus reduce radiation damage. In the Eindhoven microprobe
two scanning devices can be used.
First, the target can be moved with respect to the beam. The target is placed
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Figure 2.4: Adjustable stage for the quadrupoles.

on a translation stage and can be moved horizontally and vertically with stepper
motors with a step size and accuracy of 2 JiiD in an area of 2.5 x 2.5 cm 2 • In
principle two methods can be used for measuring concentration distributions. The
easiest method is to acquire particle or X-ray spectra for a given time at successive
points on the sample. Another method to measure concentration distributions is
continuously moving the sample in a scanning pattern with a steady beam while
measuring the particle or X-ray spectra [Vis 85]. This can be advantageous to
prevent radiation damage of the sample only when the movement of the sample is
done fast enough. In the Eindhoven microprobe this method is not used because
the maximum translation speed of the sample holder is 250 {liD s- 1 and this
generally is not fast enough to prevent radiation damage in biological samples.
Second, the beam can be moved with respect to the sample. Such a beam
scanning system can be located before, in or after the quadrtipoles. It can be an
electrostatic or magnetic deflection system although not every combination of position and type can be easily used. A scanning system before the quadrupoles can
introduce off-axis aberrations [Gri 84]. A scanning system inside the quadrupoles
was not considered since use was made of existing quadrupoles. A scanning system
after the quadrupoles has the advantage not to introduce off-axis aberrations since
the beam is deflected after the last magnet. It can have the disadvantage that its
physical dimensions result in a larg;er working distance and thus less demagnification. For the Eindhoven microprobe it does not have this disadvantage since the
working distance is determined by the size of the quadrupoles rather than by the
size of the scanning system.
A magnetic scanning system is chosen since it is commercially available and it
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Figure 2.5: Photograph of the scanning magnet.

can easily be installed as a post lens scanning device. The scanning magnet 1 has
a total length of 120 mm and an outer diameter of 70 mm. The aperture radius
is 19 mm. A photograph can be seen in fig. 2.5. It has a ferrite core and 24 poles
and coils for producing a magnetic field in two perpendicular directions. The coils
are wound in such a way that the magnetic fields coincide and produce a wide
homogeneous field inside the magnet.
The magnetic field in the scanning magnet has been measured with a Hall-effect
probe mounted on a two dimensional translation stage. The Hall-effect probe has
a sensitivity of 50 m V /mT and a linearity of 1 %in the range -40 mT to 40 mT.
In fig. 2.6 the excitation curve in the centre of the scanning magnet is shown. In
this case the resistance RL of the coil is 0.75 0, the inductivity L is 1.35 mH a11d
the resulting magnetic field is B = (2.8 ± 0.2) I with I the current in A and B the
magnetic field in mT. The magnetic field on the axis in the centre of the magnet
is also measured with the Hall-effect probe (see fig . 2.7) . The effective length is
determined at 116 ± 4 mm.
The maximal current through the coils of the scanning magnet is 7 A. With
the centre of the scanning magnet at 240 mm from the target this gives a maximal deflection for 3 MeV protons of about 2 mm on the target . No beam spot
enlargement can be seen with a maximal deflected beam on the target compared
to a not deflected beam
Target chamber

The target chamber (see fig. 2.8) is a cube of stainless steel with six aluminum
1 Manufactured

by Technisches Buro S . Fisher, Am berg 9, D-6105 Ober-Ramstad, Germany
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Figure 2.6: Magnetic field in the y-direction in the centre of the scanning
magnet as a function of the current. The error in the magnetic field is about
6%.
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Figure 2.8: The target chamber (top view).

sides. Each side of the cube can be designed or modified without any changes
to the other parts of the chamber. In this way a very flexible target chamber is
constructed which can be modified very easily. The target chamber is equipped
with two perpendicular translation stages (x and y) and one rotation stage (tJ). A
target wheel can hold eight targets that are mounted in target frames with outer
dimensions of 50 x 50 x 3 mm (same size as a slide frame). The target frames are
made of aluminum or plastic with a varying inner hole size and shape to facilitate
the mounting of different kind of targets. The target wheel is mounted on a (}
rotation stage that is driven by a stepper motor. It can be rotated 360° with
a step size of 0.001°. The complete target wheel and (} stage are mounted on a
x-y translation stage also driven by stepper motors. The range is 2.5 cm in both
directions with a step size of 2 J.Lm.
Two positions in the target wheel are always occupied with a fluorescent ceramic and a cross wire, respectively. The fluorescent ceramic (chromium doped
deranox alumina ceramic) can be used to visualise the beam spot through a stereo
zoom microscope with a CCD camera on a monitor. The target is viewed via a
mirror. The microscope has a working distance of about 100 mm and a magnification varying from 25 to 250 on the accompanying monitor. A beam spot with
dimensions greater than about 3 J.Lm can be seen. For smaller beam spot sizes the
resolution of such a long working distance microscope is too low. The ceramic is a
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spring

target frame

Figure 2.9: The target holder of the tungsten cross wire.

better material than quartz glass or NE-102A scintillator material if beam damage
or light output are considered. A cross wire can be used to measure the size of
the beam. It is a tungsten wire of 2.5 !Jm thickness and is mounted in a special
frame to compensate for thermal expansion when the beam is hitting the wire (see
fig. 2.9). One end of the wire is fixed while the other end is mounted on a spring.
Wires with a diameter smaller than 2.5 !Jm are difficult to obtain. This means that
beam sizes smaller than about 2.5 !Jm cannot be determined accurately. Another
method that has been used to determine the beam size is moving the beam across
a sharp edge. The used sample consists of small structures that are etched in a
sputtered W-Ti layer on a Si substrate. The structures vary in size from a few
hundred !Jm down to 0.5 !Jm. The transition of a not etched area to an etched
area can be used as an edge.
A Faraday cup is placed behind the chamber to measure the number of protons
coming through the target. The Faraday cup is made of high purity carbon and
is equipped with a suppressor ring to prevent secondary electrons from entering
or leaving the cup. It is connected to a sensitive electrometer that is capable of
measuring beam currents down to the fA region.
Several detectors can be placed in or near the target chamber. An X-ray
detector can be placed at an angle of 135° with respect to the beam direction
for PIXE experiments. One detector 2 is a Si(Li) with an area of 30 mm 2 and an
energy resolution of 165 eV at 5.9 keV. Another detector is an ultra-LEGe (Low
Energy Germanium) with an area of 50 mm 2 and an energy resolution of 140 eV
at 5.9 keV. Both detectors can detect X-rays at a minimum distance from the
2 X-ray

and particle detectors are manufactured by Canberra Semiconductors.
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target of 27 mm that corresponds to a solid angle nj47r of 3.3·10- 3 and 5.5·10- 3 ,
respectively. A Passivated Implanted Planar Silicon (PIPS) detector can be placed
at an angle of 147° with respect to the beam to detect back scattered protons for
RBS (Rutherford Backscattering Spectroscopy) experiments. This type of detector
can have different active areas (such as 100 or 300 mm 2 ) and can be placed at a
closest distance of 20 mm from the target. A second PIPS detector can be placed
at several forward angles to detect forward scattered protons for forward scattering
experiments. A backward detector at 147° and a forward detector at 45° have the
advantage that the (non- Rutherford) cross sections for 3 Me V proton scattering
on H,C,N,O and Ca are known from literature [Non 92).
The target chamber is pumped with a 400 ls- 1 TMP with magnetic bearings to
prevent beam spot enlargement caused by mechanical vibrations. Bellows between
the roughing pump and the TMP damp vibrations from the roughing pump. No
beam spot enlargement is seen when these pumps are turned on and off. The
vacuum in the target chamber normally is 5·10- 6 mbar. Control of the TMP,
roughing pumps, valves etc. and vacuum protection is done by Programmable
Logic Controller (PLC).

2.1.2

Electronics

In this section two control systems for the microprobe will be discussed. First,
the current stabilisation of the power supplies of the quadrupoles and second,
the control of the scanning magnet. Both systems are computer controlled. The
electronic part will be described in this section, the data-acquisition system and
interfacing will be discussed in section 2.2.
Ion optical calculations show that excitation variations of the quadrupoles can
cause beam spot enlargement. Calculations of these excitation aberrations show
that a current stability better than 0.004 % (see section 4.4) results in a beam
spot enlargement of less than 0.5 pm. The power supplies of the quadrupoles
were bought while the stabilisation electronics was home build. The principle of
the electronics (see fig. 2.10) is the following. An asynchronous parallel interface
in Phybus (see section 2.2) is connected to the controller of a separate bus that
contains 12 bit digital to analogue convertors (DAC). The DACs are placed in a
separate bus for stability reasons. Two 12 bit DACs with each a stability of better
than 0.001 %re are combined to give a 16 bit output value. Sixteen bit is a high
enough resolution to be able to focus the beam to a small spot. The resulting
DAC output is connected to the analogue input of a 20 A commercial current
supply with a current stability of 10- 3 . A command given by the computer to the
asynchronous parallel interface will change the combined DAC output value and
this will change the current through the quadrupole. The current also goes through
a shunt resistance. The potential over the shunt resistance is a measure for the
current through the quadrupole. The shunt resistances of the four quadrupoles are
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Figure 2.10: Diagram of the electronics of the quadrupole stabilisation.

placed in a box with a constant temperature of (33.0 ± 0.1) °C since the resistance
is temperature dependent. An electronic feedback circuit from shunt resistance to
power supply stabilizes the current through the quadrupole. Long term stability
measurements show a ten-hour stability of about 0.001 %.
Fig. 2.11 schematically shows the control system of the scanning magnet. An
asynchronous parallel interface or a 2 Mbyte memory can be connected to a controller in a separate bus (see section 2.3). A similar combination of two 12 bit
DACs is used for the steering of the scanning magnet. The analogue output voltage from the DAC combination is connected to a pre-amplifier that is connected to
the power amplifier. The step response of the scanning magnet has been measured
with a Hall-effect probe with a response time of better than 20 f.!S and a fast 12
bit ADC. In fig. 2.12 the step response of two step sizes (corresponding to 3 and
12 {.!m beam shift on the target) is shown. It can be seen in fig. 2.12 that for all
1)
the frequencies the end value is reached before the next step (after t · fstep
is given. The limit is a frequency of 10 kHz. In all presented cases the end value
is reached in about 0.1 ms. For higher scanning frequencies the end value is not
reached in time. This means that the scanning magnet cannot follow the DAC
steering (the digital to analogue convertors have a settling time of about 10 f.!S)
and as a consequence the scanning magnet cannot be used for scanning frequencies above 10 kHz. In practice this causes no problems since the maximum used
scanning frequency is 5 kHz.
Also the linearity of the total system for different scanning frequencies and
step sizes has been measured. The results are plotted in fig. 2.13. The first
beam pipe used inside the scanning magnet was made of aluminum. The results
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Figure 2.12: Change of the magnetic field in the centre of the scanning magnet
as a result of one step at the input of the DAC. On the horizontal axis t ·!step
is plotted with t the time and !step the step frequency as given in the legend. A
change of 1 in t · !step represents one step independent of the step frequency.
On the vertical axis the magnetic field is given in arbitrary units. In figure a
and b the step size corresponds to a beam spot shift of about 9 pm and 12 p,m
on the target, respectively. The value of the magnetic field is the mean value
of a number of measurements. The error in the mean value of the magnetic
field measurement is about 0.4 a.u.
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Figure 2.13: Linearity of the magnetic field as a function of the step number.
A step is defined in fig 2.12. In fig. a the magnetic field is plotted in arbitrary
units as a function of the step number for 5 different scanning frequencies. In
this figure the step number varies from 0 to 250 and back to 0. The separate
steps are not visible because of their small size. In fig. b the residual between
the measured magnetic field and a linear fit is plotted for a scanning frequency
of 1 kHz. In this situation 1 step is about 2.9 a.u. or about 3 p,m beam
displacement on the target.

of the measurements of the magnetic field showed large deviations from a linear
behaviour between field and step number. This was caused by eddy currents in
the aluminum. Changing the part of the beam pipe in the scanning magnet from
aluminum to ertalyte gives a behaviour as is shown in fig. 2.13. In fig. 2.13a the
beam moved from the left to the right (step number 0 to 250) and back to the left
(step number 250 to 0). No difference can be seen between the different scanning
frequencies or moving the beam to the left or to the right. In fig. 2.13b the residual
is plotted of the measured magnetic field in the case of a scanning frequency of
1kHz (compare with fig. 2.13a) and a linear fit of step number versus magnetic
field. In the situation of fig. 2.13 one step is about 2.9 a.u. or about 3 p.m beam
shift on the target. The deviation in fig. 2.13b always is smaller then about 0.5
a.u.
Finally, a two dimensional raster scan across a 2000 mesh copper grid (period
12.7 p.m) has been carried out with scanning frequencies of 100Hz and 5kHz. As
can be seen from fig. 2.14 no difference in the measured structure is seen between
these two cases as is expected from the results in fig. 2.12 and fig. 2.13. The
difference in intensity is caused by the different measuring times in the two cases.
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2.2
2.2.1

Data-acquisition system
General concept

The usual way to perform scanning microprobe experiments is to acquire the
data in list mode (event by event). This means that each energy event must be
related to the originating position on the target. The data-acquisition system
must be able to label events from different detectors with the x,y position of the
beam. Several methods to solve this problem have been described in literature
[Lov 89]. The data-acquisition hardware for the Eindhoven scanning microprobe
PhyDAS (Physics Data Acquisition System) is discussed in section 2.2.2. The
data-acquisition software is discussed in section 2.2.3.
A scanning microprobe can produce large amounts of list mode data. For one
detector the data flow can be as high as 50 Mbytejhour. These data have to be
collected, stored and analysed. The data is stored on a disk of a DEC ALPHAAXP workstation that is connected to PhyDAS. These data can be evaluated
on-line on the workstation to monitor the progress of the experiment. After an
experiment the data can be stored on tape and a more extensive off-line analysis
can take place on the workstation. The monitoring and off-line analysis software
and procedures are discussed in section 2.2.4.

26

2.2.2

Experimental set-up and data-acquisition system

Data-acquisition hardware

PhyDAS is an interface system used for experimental control and data acquisition
at the faculty of Physics of the Eindhoven University of Technology. The PhyDAS
system consists of a VME part and a Phybus part. In the VME bus a processor
print (MPS030) built around the M68030 is present . Also, 16 Mbyte random access
memory (RAM), a VME/PhyLAN convertor and a VME/Phybus convertor are
present. PhyLAN is the Physics Local Area Network. In the Phybus part the
experimental interfaces like ADC's, static memories, a stepper-motor controller,
input/output systems et c. are present. For a global overview of the PhyDAS
system see fig . 2.15.
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Figure 2.15: Schematics diagram of th e computer system .
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In this section only the main features of the MPS030 are discussed. The Motorolla 68030 microprocessor is a 32 bit processor and operates at a clock frequency
of 25 MHz. A floating point coprocessor is standard present on the processor print .
The processor print has a local static RAM memory of 512 kbyte. This local memory is about seven times faster accessible then for instance the VME memory. It
contains the operating system (PEP030) and can be used to perform fast calculations. For specific microprobe experiments it is possible to sort the list-mode
data 'real time' in spectra without the necessity to store the data in list mode.
This kind of pre-processing is a very effective way to reduce the amount of data.
However, it can only be used for experiments with a limited scanning pattern size
and a maximum of 1800 spectra of 2048 channels each can be updated without
time information. To move blocks of data to/from the local memory from/to
the VME memory, the processor print is equipped with a direct memory access
(DMA) controller. To communicate with the outside world two RS-232 interfaces
are present. The console is connected to one of the serial ports of the workstation
with a baud-rate of 19.2 kbit/s. The workstation is mainly used for dat a monitoring, storage and off-line analysis. To store large amounts of data fast on an
external disk, the MPS030 print is equipped with four link adaptors. A link adaptor is an 8 bit bidirectional coupling between a serial link and a microprocessor
bus. On the MPS030 4 links are used as a means of communication between the
MPS030 and a personal computer. The transfer speed of one link is 20 Mbitjs.
For microprobe experiments the PC disk is a 'remote' disk of the workstation,
which enables writing the list-mode data directly to the disk of the workstation .
The system of four links connected to a link controller in a PC together with the
software is called the dataserver. The effective transport speed between PhyDAS
and the workstation is about 120 kbytejs.
The memory module in the VME bus contains 16 Mbyte RAM.
The VME/PhyLAN controller is connected to PhyLAN. This network is used
for file transfer and is connected to a fileserver of the faculty. At this moment
about 80 PhyDAS systems are connected to the fileserver. It contains the operating system PEP030 that is loaded when a PhyDAS system is powered up. The
fileserver also contains user programs and library programs but cannot be used to
store large amounts of data. PhyLAN has an effective transfer speed of about 100
kbyte/ s depending of the number of users on the network.
The VME-Phybus convertor is used to connect the VME bus with the Phybus.
It contains a DMA controller to move blocks of data from/to experiment interfaces
to/from the VME memory with a transfer speed of about 2.5 Mbytejs.
The Phybus part of the PhyDAS system contains the experiment interfaces
needed for the control of the experiment and for the acquisition of the list mode
data from the experiment . Several interfaces are equipped with a PhyPAD (Parallel Asynchronous Dataway) connection for fast (real time) data transport between
two interfaces or from an interface to a device outside Phybus.
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The experiment interfaces can be divided into several parts, each having a
different function .
The first part is the control of the power supplies and the stabilisation of the
four quadrupoles. The electronic part of this system has been described in section
2.1.2. The DACs that are connected to the power supplies of the quadrupoles are
placed in a bus together with a bus controller (DAC controller) . This controller
is connected via PhyPAD to an asynchronous parallel interface in Phybus. The
DACs are placed in a separate bus for stability reasons. In this way the computer
can send a digital value to one of the DACs and control the output current of the
power supplies. The stabilization of the magnetic field of the quadrupoles is done
with a hardware stabilisation circuit.
The second part is the control of the power supply of the scanning magnet. The
electronic part of this system is also described in section 2.1.2. and operates according to the same princit>les as the control system of the quadrupoles mentioned
above (see fig . 2.11). The DAC controller can be connected via PhyPAD with an
asynchronous parallel interface. In this way the computer can directly control the
current through the scanning magnet and thus the position of the beam on the
target. A real time response cannot be guaranteed easily because the computer
has to take care of the control of the scanning magnet as well as attend to the
acquisition and transport of the list mode data. For this reason the DAC controller
can also be connected to a 2 Mbyte static RAM memory. This memory is filled by
the computer with an arbitrary scanning pattern with a maximum of 216 points.
A clock pulse is used to trigger the transfer of the data for the next position from
the memory to the DAC controller. A different scanning frequency can be chosen
by changing the clock frequency without any computer interference. The content
of the memory is repeatedly send to the DAC controller. In this way a scanning
pattern generator is available that can produce arbitrary scanning patterns with
different scanning frequencies without the use of processor time.
T he third part is the acquisition of the list-mode data. In Phybus a multichannel analyser (MCA) is available that can update the incoming events in a
histogram (histogram mode) or send the events sequential via PhyPAD to a memory module in PhyDAS (list mode). The conversion time of the ADC of the MCA
is about 1.5 J-LS. Sending the data to the memory module is an option of the multichannel analyser while sorting the data into a histogram is always done. T he
memory that contains the histogram is located on the MCA interface. If scanning
microprobe measurements are performed the position information of the beam on
the target has to be related to an event coming from one of the detectors. In
fig. 2.16 the principle of the position-energy labeling can be seen for one detector.
The position information of the scanning pattern is present in the 2 Mbyte pa tt ern m emory. The position information is stored in 32 bit words. The first 16 bit
information contain a 4 bit code with the address of the DAC and 12 bit data.
The second 16 bit contain a Position Identification Number (PIN) that gives a
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direct relation with the position of the beam on the target. The PIN is copied to
a position controller each time a clock pulse is given to the pattern memory. The
PIN is stored in a buffer in the position controller until the next clock pulse is
given to the pattern memory. This means that the correct position identification
is always present in the position controller. If the multi-channel analyser converts
an incoming pulse and writes the digital value to the energy memory in list mode
a valid conversion pulse is given to the position controller and the PIN is copied
to the position memory. The energy value in the energy memory always has the
correct relation with the position value in the position memory. The position and
energy memory can contain about 106 events. The total system can operate very
fast until the position and energy memories are full.
The processor initiates a DMA transfer between the Phybus memories and the
VME memory after an adjustable time or when the memories in the Phybus are
full. These data are then copied to the workstation for further analysis. In reality
the system in fig. 2.16 of MCA, energy and position memory is copied three times
which m akes it possible to measure with 3 independent detectors.
The last part contains a number of small interfaces for different functions (see
fig. 2.16). The stepper-motor interface is connected with the stepper motors of
the translation and rotation stage and is used to translate and rotate the target
in the vacuum chamber. The system is equipped with an end switch detection
mechanism . The microscope in the vacuum chamber is attached to a CCD camera
and a monitor. The camera can also be connected with a video frame grabber
interface that has the capability to digitise a video signal and store the digitised
picture. As is described in section 2.1 the Faraday cup can be connected to an
electrometer or a current digitiser. The electrometer is equipped with an IEEE
interface and is connected to an IEEE interface in Phybus. The current digitiser
is connected to a scaler in Phybus. These systems can be used to measure the
total beam charge put on a sample during the measurement.

2.2.3

Data-acquisition software

In this section the part of the software are described that controls the experiment,
t akes care of the acquisition of the events coming from the detectors and the
transfer of the data t o the workstation for analysis. All these tasks are performed
on the PhyDAS system.
The operating system of an MPS030 system is PEP030 [Dij 81]. PEP030 is
a combination of a programming language and an operating system . The programming language is related to PASCAL but is interpreted instead of compiled.
PEP030 has the possibility to add shells around the operating system. These shells
contain user defined commands (procedures) and variables.
The software can be divided into several parts with each a different task. An
overview of the different levels of the software is given in fig. 2.17. In this section

w

0

OBJECT AND
APERTURE
DIAPHRAGMS

'">)

«;·
1::

d

I

'I

CCD
CAMERA
AND
MICROSCOPE

QUADRUPOLES

I
I

~

......

DETECTOR
AND
AMPUFlER

~

~

«::

POWER
SUPPUES

+

0"

1::

"'

ELECTR.

POWER
SUPPLY

><
'0
('!)

+

"'1

§"
('!)
t:l
....

ELECTR.
signal

~

~

t'j

.,
.,.,.
Q

~

s.
"'

1:1..
Q

f
"
[

DACs +
CONTROLLER

DACs +
CONTROLLER

VAUD
POSITION
CONTROLLER

e.

valid conversion
pulse

STEPPER
MOTOR
DRIVER

ELECTRO!
METER

"'
....
('!)

CURRENT
DIGITIZER

I

~

'0

§

Q

-Q
~

~= PhyPAD

~

~

....

Pl

c·
;3

«::
"'

~

?"'

PARAULEL
INTERFACE

PATTERN
MEMORY

POSITION
MEMORY

ENERGY
MEMORY

MCA

STEPPER
MOTOR
INTERFACE

I

IEEE
INTERFACE

I

SCALER

VIDEO
FRAME
GRABBER

~

Pl

(")

......"'
....

,0
~

§"

"'
....
"'

'<

a

Experimental set-up and data-acquisition system

31

level 4

level 3

level 2

level 1

Figure 2.17: Overview of the different levels in the software.

only a short description is given of the possibilities of the different parts of the
software. A more detailed description can be found in [Atz 92].
In level 1 (communication level) procedures are present for the communication
between PhyDAS and the outside world. The first set of procedures takes care of
the communication over the serial line with the user. The second set of procedures
takes care of the data transport via the dataserver to the workstation .
In level 2 (interface level) all procedures are present to interact with the interfaces present in Phybus . With the help of the procedures in this level the higher
levels are not bothered with interface addresses, control of bits etc.
In level 3 (routine level) the procedures are present that control devices and
not interfaces. Instead of writing data to the interfaces, the devices connected to
these interfaces are controlled. For example, the procedures in this level control
the current through a quadrupole instead of writing data to a DAC interface that
controls the power supply of the quadrupoles. Procedures in this level deal with
the control of quadrupoles, stepper motors, the scan magnet etc.
Level 4 consists of control units that each take care of a type of experiment.
Instead of controlling the devices or reading memories an experiment is setup,
controlled and ended. Each type of experiment has its own control unit . At this
moment three control units are in use namely the beam-diamet er control unit, the
histogram-mode control unit and the list-mode control unit.
The beam-diameter control unit contains procedures to determine and adjust
the size of the beam spot. As discussed in section 2.1.1 the beam size can be
determined with a cross-wire or with an edge . Two methods can be used to
m easure the beam diameter. In the first method a steady beam is used and the
cross-wire or edge is moved through the beam with the stepper motors. In the
second method the beam is scanned across the cross-wire or edge. When using the
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stepper motors the smallest step size is 2 J..lm. When scanning the beam a smallest
step size of 0.174 J..lm is achievable. At the start of a microprobe experiment first the
cross-wire is moved through the beam while detecting X-rays or particles coming
from a detector. Since the four quadrupoles of the microprobe also are computer
controlled the focusing of the beam can be done automatically by an iterative
procedure of changing the quadrupole values and measuring the beam diameter.
With this procedure beam-sizes greater than about 3 J..lm can be measured and
optimised. The total procedure takes about 10 minutes. Smaller beam-sizes can
only be measured scanning the beam across an edge. Since the thickness of the
edge is about 25 times smaller than that of the cross wire the number of X-rays
coming from the edge is much lower than those from the cross-wire. The measuring
procedure is then a much more time consuming method that can only be used for
determining the beam size and not for optimizing the beam size.
The histogram-mode control unit contains procedures to measure separate
spectra from the detectors. As discussed in section 2.2.2 the MCAs in Phybus
always acquire the data in histogram mode. I;'rocedures are available to measure
with a total of three detectors during a certain period. During the measurement
the beam charge is determined with an electrometer or current digitiser depending
on the beam current. The histogram measurements are performed when position
information is not important or when the number of positions is low. An example
is the measurement of a Ni-foil to determine the solid angles of the detectors in
use. During the measurement the data are sent via the dataserver to the workstation after an adjustable period . This means that the data can be analyzed in time
intervals. The data are sent to the workstation in a data format that can directly
be read by most of the used analysis .programs (see section 2.2.4).
The third control unit contains procedures to perform list mode experiments.
These experiments can be performed with a scanning or a steady beam. The
first step in a scanning list-mode experiment is the definition of the scan pattern.
Procedures are available to generate a rectangular scan pattern with a maximum
size of 256 x 256 points. The step size can be chosen as a multiple of 0.7 J..lm or as a
multiple of 0.7/4 J..lm. The second step is the definition of the experiment. The listmode data are stored in files that each represents a time interval of the experiment.
In each file also the accumulated beam charge, the live time, dead time and number
of counts are stored. The definition of the experiment includes the number of
detectors in the experiment, the total measurement time and the size of the time
interval after which a file is written. The maximum time interval is determined by
the size of the list memories and the position memories together with the counting
rate. A choice can be made whether the beam charge is determined with the
electrometer or with the current digitiser depending on the value of the beam
current.
A list-mode experiment can yield more than 50 Mbyte per hour per detector.
This means that during a measurement day of 10 hours more than 500 Mbyte
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per detector can be acquired. For certain experiments where for example time
information is not important or the number of positions of the scan pattern is
limited data compression can be performed on the PhyDAS system in such a way
that first the list-mode data are sorted into spectra and then they are send to the
workstation. The disadvantage of this kind of data compression is that information
is lost (in this situation for example time information that could be important in
the study of sample damage).
In summary it can be stated that the PhyDAS system takes care of the realtime data acquisition and experiment control. In some experiments, a second task
of the data-acquisition system PhyDAS is data compressing to reduce the amount
of data. The result of such a list-mode measurement is that two series of files are
present at the workstation for each detector. The first series represents the energy
and the second series the position of the beam at the time a particle or X-ray with
that energy was emitted. Each combination of two files represents a time interval
of the experiment. In the next section the software is discussed to monitor and
analyze this list-mode data.

2.2.4

Data monitoring and data analysis

PhyDAS is used for the acquisition of the list mode data and for storing the
data on the workstation. The data are sending to the workstation and stored on
a 1 Gbyte disk. During or after the experiment a backup can be made of the
data on a 4 Gbyte DAT tape. As is discussed in the former section the data are
copied to the disk in files that each represents a time interval of the experiment.
The software running on the workstation takes care of the data monitoring, data
storage on the tape and the off-line data analysis.
The data monitoring program COLUMBUS is written in C and makes use of
the Xll environment for the graphical user interface. All necessary parameters
of the experiment like det ector configurations, amplifier parameters, acquisition
parameters, file names, users, date of experiments etc. are stored in a database
that is connected to COL UMBUS. In the database also the parameters are present
for the wanted graphical representation. A graphic can be the energy spectrum
of the sum of the points in a rectangular predefined part of the scan pattern
or a spatial distribution of a selected channel interval in the energy spectrum.
This distribution can also be a part of the scan pattern. The intensity scale of a
distribution can have a black and white scale or a full color scale. The number
of graphics is only limited by computer capacity. An example of a screen output
of COLUMBUS of a STIM spectrum and several STIM distributions is shown in
fig. 2.18 .
The program reads the data files from disk after they are written to the disk
via the dataserver by the data-acquisition program. COLUMBUS calculates the
updated spectra and distributions and updates the graphics. This means that
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Figure 2.18: Example of the screen output of COLUMBUS. The figure shows
a STIM spectrum and several STIM distributions of a biomedical sample. The
area of a distribution is about 270 x 270 llm2 •
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COLUMBUS shows the measured data after they are written and the update time
is about one time interval later than the measurement. During the measurements
this never has been a limitation. The transfer rate of the data from PhyDAS to
the workstation is limited by the PC that serves as the dataserver. It limits the
transfer rate to a total of about 20.000 eventsjs (80 kbyte/s). In a monitoring
situation with three spectra and nine distributions of 256 x 256 points the update
speed of COLUMBUS on an ALPHA-AXP workstation is high enough to keep
up with the data acquisition on PhyDAS. During the measurement the monitoring allows inspecting the developments of the measurement. Depending on these
developments the measurement can be continued or stopped.

The first step of the data analysis is the sorting of the data into separate
spectra. The sorting program is integrated in COLUMBUS. The sorting of the
data is started after a number of parameters is set among which the compression
factor of the scan pattern, the channel compression factor in the spectra and the
number of time intervals to be sorted. The result of the sorting is a series of spectra
in a data format that can be directly read by most of the analysis software.

The second step is the analysis of the spectra. For this purpose, a number of
possibilities are present. For PIXE spectra two analysis methods can be used. The
first and most easy analysis method is calculating the number of counts between
two markers in the spectrum. The second and more advanced method is using
existing computer codes like AXIL or HEX [Cam 86]. These programs use a
nonlinear least square fit of the spectra to obtain the peak areas of the elements in
the spectra. Both programs run on a workstation. In both programs the possibility
exists to analyze a series of spectra in batch. The HEX computer code was used
for analysis of PIXE spectra in the old set-up. The AXIL computer code is used
since the improvement of the set-up. AXIL will be incorporated in COLUMBUS
in the future. Analysis of forward scattered and backward scattered protons can
also be done by two methods. The first method is again calculating the number of
counts between two markers in the spectrum. This is only possible if the thickness
of the sample is low enough to keep the peaks separated. With the second method
analysis of spectra of thicker samples is possible by making use of the shape of
the spectra. This technique is described further in chapter 5. To calculate the
concentration of the elements in the sample the results of the PIXE, RBS and RFS
analysis have to be combined and possibly corrected for thick target effects. The
program that performs these calculations is PANEUT [Mun 94]. The scattered
particle analysis programs and PANEUT will be included in COLUMBUS in the
future. At this moment they can be used as separate programs. An overview of
the theory behind concentration calculations of elements in a sample is given in
chapter 5.
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Conclusion and discussion

In this chapter the experimental set-up and the data-acquisition system are described. The experimental set-up is suited to perform scanning microprobe experiments routinely. Focusing the beam down to a size of about 3 p,m only takes
about 10 minutes. The long term stability generally is good enough to keep a
constant beam size for more than 24 hours. Adjusting the cyclotron and the beam
guidance system takes much more time. Generally, this takes about 2-4 hours.
Factors limiting the achievable beam size will be discussed in the chapter 4. A
measure that is necessary in the future is improving the quality of the object and
aperture diaphragms. At this moment it is impossible to make diaphragm sizes of
20 p,m or smaller and as will be seen in chapter 4 this can limit the possibilities of
the microprobe.
The data-acquisition system operates very well. A factor that limits the system is the connection of PhyDAS with the workstation. Reasons are the limited
transfer rate of the connection and the fact that only file transport is possible. In
the future a new connection has to be made in such a way that processor-processor
communication will be possible. This will make it possible to include a graphical
user interface in COLUMBUS for experiment control and to improve the data
transfer by directly transferring the data to the computer memory instead of first
to the disk. The COLUMBUS program on the ALPHA-AXP workstation operates
very fast. It runs that fast that it should be possible to calculate concentration
distributions during the measurements instead of presenting count distributions.
This also is a subject for the future. The software running on the Phydas system
and COLUMBUS originally are written for microprobe experiments. The software
will be adapted to be able to use in other multi-parameter experiments.

Chapter 3

Magnetic quadrupoles
Magnetic quadrupoles are used in ion-beam transport systems since their introduction around 1952 {Cou 52}. Compared to cylindrical lenses, quadrupoles can
provide stronger focusing since the field lines are perpendicular to the direction of
motion of the charged particles and therefore the magnetic force on the particle
is larger. From that time quadrupoles have been very popular in beam transport
systems and also the majority of the microprobe systems use quadrupole lenses
to focus the beam. For a general description of the design and the properties of
quadrupoles see for example {Gri 60a},{Gri 60b} and {Ban 66}. In section 3.1 a
brief description of some of the properties of magnetic quadrupoles is given.
In microprobe systems the beam spot size generally is limited by aberrations
in the lens system. The main aberrations are chromatic, parasitic and spherical
aberrations. The aberration coefficients for a single magnetic quadrupole should
be calculated first to be able to calculate the aberration coefficients for the whole
system. In section 3.2 the definition of aberration coefficients is given and they
are derived for a single quadrupole. In the first step of the derivation the Hamilton theory is used to derive the equations of motion for a charged particle in a
quadrupole field. In the second step these equations of motion are solved to give
the aberration coefficients of a single quadrupole {section 9.2.4). This is done in
the central region and in the fringe fields of a quadrupole and for a quadrupole
with a sextupole or octupole component. The theory also includes the effect of
beam-energy spread.
In section 3.3 calculations of the field in a single quadrupole are presented. In
this section the results of calculations of the tolerances in the design that can result
in multipole components in the quadrupole field are given.
In section 3.4 some methods are presented to determine the field in a quadrupole
magnet. Results of field measurements with a Hall-effect probe and with the grid
shadow method are presented. The conclusions of these measurements will give an
indication of the quality of the used quadrupoles.
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Figure 3.1: Cross-section of a quadrupole.

3.1

General description of quadrupoles

Microprobe ion-optical calculations require an accurate description of the focusing
and defocusing action of magnetic quadrupoles. The aim of this chapter is to
provide such a description. In this section some general properties of magnetic
quadrupoles are given and in the next sections a complete third-order description
in terms of aberration coefficients is given.
Figure 3.1 shows a cross section of a quadrupole together with the field lines.
In an ideal quadrupole the field lines are hyperbolae, asymptotic to the y = ±x
axes in the figure. The x-component of the magnetic field is proportional to the
distance from the y-axis and vice versa:
B"' =g y,

By= g x,

(3.1)

with g the magnetic field gradient
g

B0
2Jl 0 ni
--;-~~,

(3.2)

with B 0 the pole tip field, a the aperture radius, p 0 the permeability of vacuum
and nl the total number of ampere-turns per pole. The enlargement in fig. 3.1 of
the central part of the quadrupole schematically shows the force on a positively
charged particle moving perpendicularly to the paper along the z-axis. In the
xz-plane the action on the particles is focusing and in the yz-plane defocusing. A
quadrupole that. focuses the beam in the a:- direction is called a positive quadrupole.
A quadrupole that focuses in the y-direction is called a negative quadrupole.
An ideal quadrupole field is difficult to construct since the poles need to be
truncated at some point. A truncated pole generally will give rise to dodecapole
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(12-pole), 20-pole and higher-order components in the quadrupole field. The pole
shape can be constructed in such a way that the dodecapole component is eliminated [Par 76]. Different pole shapes can be used to construct a quadrupole e.g.
a truncated hyperbolic pole, a truncated circular pole or a truncated straight line
pole. With a well-defined truncation the dodecapole component vanishes. This
generally has no relation with the vanishing of the 20-pole or higher components
at the same time.
The good-field aperture is defined as a fraction of the aperture radius a and
is the region in which the field gradient does not change by more than 1% in
any direction. Typical good-field aperture values of different pole shapes, that
are optimised to eliminate the 12-pole component, are about 80% for a truncated
hyperbola, about 73% for a truncated circular pole and only about 53% for a
straight line pole
The quadrupoles used for the Eindhoven microprobe are fabricated more than
25 years ago for the beam guidance system of the cyclotron. A polygon pole shape
was chosen since this was relatively easy to machine at that time.
The multipole components of these quadrupoles and their good-field apertures
are discussed in section 3.4.
Another non-ideality of quadrupoles can be the deviation from the exact fourfold symmetry due to imperfections in the assembly or alignment of the poles of
the quadrupole. This can result in other multipole components such as sextupoles,
octupoles or decapoles. A description of these non-idealities is given in section 3.3
and 3.4.
The field profile in the longitudinal direction of a quadrupole depends on the
design and can vary from bell-shaped profiles to a uniform profile with fringe fields
(see figure 3.2). In figure 3.2 the gradient g
~~ is given as a function of the
longitudinal position z. The effective length L 6 of a quadrupole is defined as
J~g(z)dz

Le=

g(O)

,

(3.3)

with z=O at the lens centre. The relation between the effective length of a
quadrupole Le and the pole length L depends on the coil shape, the end shape of
the pole pieces and the aperture radius a. Generally, this relation can be written
as [Ban 66]

Le= L + ka,
with k usually between 0.9 and 1.1.

(3.4)
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Figure 3.2: Longitudinal gradient of a quadrupoles. The left figure shows a
bell-shaped profile and the right figure a uniform profile with two fringe fields.

3.2

First, second and third-order aberration coefficients of a magnetic quadrupole

3.2.1

Aberration coefficients

A charged particle in a beam can be described by the coordinates x, y, z and the
linear moment a p.,, p11 , p z. These momenta in the x and y direction can be scaled
by the constant momentum in the z direction p 21 • The quotient of the transversal
momentum and the axial momentum is the divergence. The divergence in the
horizontal direction is 8 and in the vertical direction </;. Figure 3.3 shows the
definition of the coordinate system. The definition of the aberration coefficients
follows the description in [Gri 84]. The transport of a particle beam through a
part of a beam transport system (e.g. a quadrupole or a field-free drift length) can
be described by the coordinates of the beam particles (x,O,y,<f;). The coordinates
at the end of that part (xe,Oe,Ye,<Pe) can be written as a function of the initial
coordinates (x 0 ,00 ,y0 ,</; 0 ):

xe
(}e

/.,(xo, Oo, Yo, <Po, 15, P),

Ye

f 11 (xo, Oo, Yo, </Jo, 15, P),

<Pe

= fr/>(xo, Ba, Yo, <Po, 15, P),

fe(Xo, Oo, Yo, <Po, 15, P),

(3.5)

where 8 is the beam momentum spread and P represents parameters such as
quadrupole misalignment or excitation errors. If the misalignment terms are ne-
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X-oxis

Figure 3.3: Definition of the coordinate system.

glected for the moment, the functions f can be written as a polynomial:

f = A0 + A1 x 0 + A2 y0 + A3 a0 + A4 4> 0 + · · ·+ Aia6+

(3.6)

+ · · ·+ A1a54>o +···+An v{ v~v~ + · · ·,

with vn a system variable like x 0 , y0 , 6 etc. The coefficients An are called aberration
coefficients with the order of an aberration coefficient given by the sum of the
powers of the variables in that term of the expansion. The order of An is then
j + k +I. The aberration coefficients An are written in the form < y I v{ v~v§ >
(e.g. < x I a2 4> > ). The variable on the left hand side is the dependent variable
and the expression on the right hand side are the independent variables to which
the coefficient relates. For example, in first order eq. (3.5) can be written in matrix
notation without misalignment and beam momentum spread terms as:
xe

ae

[ Ye

l[
-

4>e

< x Ix >
< aIX >
< y IX >
< 4> I X>

< x I a>
< a I a>
< y Ia >
< 4> I a>

<X I y>
>
<a I y> <
< xa II 4>4> >
< y I y> < Y 14> >

<4>1Y> < 4> I 4> >

l[ l
0

ao

x
Yo

(3.7)

4>o

If the x and y direction are independent, this relation can be written as two 2 x 2
matrices. Equation (3.7) can be written in short notation as

x-;, =

Mx~,

(3.8)

with x~ the vector of the coordinates at the begin of the system ( x 0 , a0 , y 0 , 4> 0 ) and
x-;, the vector at the end of the system ( x e, (} e, Ye, 4> e) and M the first order transformation matrix. To include the beam momentum spread and misalignments, the
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vectors x-; and x-: should be extended with the beam momentum spread 8 and the
misalignment terms P. In the same way higher order transformation matrices can
be defined. For second-order calculations the first order vectors x-; and x-: should
be extended with the following elements [Gri 84]:

x 2, xy, xO, xcp, x8, y2, yO, ycp, y8, 02, Ocp, 08, cp 2, cp8, 82.
For third order calculations the second order vectors have to be extended with the
elements:
x 3, x 2y, x 20, x 2cp, x 28, xy 2, xy(}, xycp, xy8, x0 2, xOcp, x08, xcp 2, xcp8,

x82,y3,y2(),y2cp,y28,y()2,y()cp,y(}8,ycp2,ycp8,y82,
()3,()2cp,()28,()cp2,()cp8,()82,cp3,cp28,cp82,83.
If all elements of all transformation matrices in a ion optical system are known,
the system transformation matrix M 8 , and hence the aberration coefficients of the
total system, can be calculated by means of matrix multiplication:

(3.9)
In a microprobe system only the transformation matrices of quadrupoles and
field-free drift lengths have to be known. The transformation matrix of a drift
length of length L is:

ML = [

~~~

n

(3.10)

In this chapter the transformation matrix and hence the aberration coefficients
of a quadrupole is derived up to third order. In the next chapter the aberration
coefficients of the total system are discussed.
By definition [Gri 82], the aberration coefficients which are independent of the
misalignment variables P, are called real or intrinsic aberrations. Those containing
P are the result of imperfect alignment and are called parasitic aberrations. In
table 3.1 the dominant aberration coefficients for a microprobe system are listed.

3.2.2

Scalar and vector potential of magnetic quadrupoles

The magnetic field of a quadrupole is described by means of a scalar potential V
or a vector potential A. The vector potential is used in section 3.2.3 to derive the
equations of motion of charged particles moving in a quadrupole. It is assumed
that the pole tips are equipotential surfaces indicating that the iron in the pole
yoke is not saturated. The potential in the gap of the quadrupole is given by the
Laplace equation:

(3.11)
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Table 3.1: The dominant aberrations of microprobe systems. Here Un is
x translation of quadrupole n; Vn is they translation of quadrupole n; an
tilt of quadrupole n in xz plane; f3n the tilt of quadrupole n in yz plane; Pn
rotation of quadrupole n about the optical axis; En the percentage change in
excitation of quadrupole n. The table is taken from [Gri 82}.

Order and Type
1st Intrinsic

1st Parasitic

2nd Intrinsic

2nd Parasitic

3rd Intrinsic

the
the
the
the

Coefficient

< x Ix >
< y Iy >
< x I () >
<ylq)>
< x I Un >
<yiVn>
<X I an>
< Y I f3n >
< x I 08 >
<X I q)8 >

Magnifications
Astigmatism terms
Translation
Tilt
Chromatic aberrations

<xI x8 >
< y I yD >
< x I q)pn > F otation terms
< Y I {)pn >
< x I Ocn > Excitation aberrations
< Y I q)cn >
<xl03>
< x I (}q) 2 > Spherical aberrations
< Y I rPq> >
< Y I q>3 >

It is convenient to write this equation in cylinder coordinates (r, '1/;, z) as:

&2 V
· &r 2

&V

&2 V

&2 V

+ r &r + r2&1j;2 + &z2 = 0·

(3.12)

Generally, the magnetic potential V = V(r, '1/;, z) can be written as [Szi 88]:
(3.13)
with VJ 2k) the 2k-th derivative of Vn with respect to z. In this equation n is
the order of the multi pole (n=2 is the quadrupole, n=3 the sextupole, n=4 the
octupole, n=6 the dodecapole and n=10 the 20-pole) and an is the phase angle
of the multipole. The phase angle an is defined in fig. 3.4 for a positive multi pole
with a 2 = 0 and a 3 and a 4 arbitrarily chosen. Terms with k 2: 1 in eq. (3.13)
commonly are the result of the fringe field of the multipole.
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y

y

sextupole

octupole

X

quadrupole

Figure 3.4: The coordinate system of a magnetic quadrupole, sextupole and
octupole. In this figure the definition for positive multipoles is shown.

Consider a quadrupole with exact fourfold symmetry about the z-axis and thus
take into account the symmetry condition: B1/l(r,'l/;) = -B.;;(r,'lj; + 7r/2) then in
eq. (3.13) only terms with n = 2, 6, 10, ···are present. A real quadrupole, however,
consists of a pure quadrupole with a sextupole and/or a octupole component.
Generally, the phase angles of the quadrupole, sextupole and octupole components
need not have the same value. The orientation of the coordinate system of the pure
quadrupole field can be chosen arbitrarily. Therefore, in the case of a quadrupole
a 2 is chosen zero. For a quadrupole with a sextupole or/and octupole component
it is not possible to set an 0 for the sextupole and the octupole component.
To be able to derive the trajectory equations up to third order the magnetic
scalar potential must be known up to fourth degree in r. This yields:

=

(3.14)
In general, the potential at the central part of the quadrupole (no z-dependence)
can be described by:

V=

(3.15)
n=2,6,10,-··

In this equation n=2 represents a pure quadrupole. The higher order 12-pole and
20-pole terms etc. are a result of a non ideal pole shape.
The magnetic field can be calculated by using:

i3

-'{7v.

(3.16)
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B in cylinder coordinates takes the form
Br

-2

v; rsin(2~) + ~vp> r3 sin(2~),

=-2 v2 rcos(2~) + ivP>r3 cos(2~),
3
Bz =- vP) r 2sin(2~) + l2 v2( )r 4 sin(2~),
B'l/1

(3.17)

and in Cartesian coordinates

i

Bx = -2V2y + vp)y(3x 2 + y2),

2)x(3y2 + x 2)
B y-- -2V.2 x + !V.(
62
'
Bz

(3.18)

=-2VP)xy,

with g = B 0 /a -2V2 the gradient of the quadrupole with B 0 the pole tip field
and a the aperture radius of the quadrupole.
Since the divergence of B is zero, it follows that B can be derived from a
magnetic vector potential A:
jj

~xA.

(3.19)

A suitable choice for the vector potential of a magnetic quadrupole up to fourth
degree is in Cartesian coordinates:
Ax

AY

=~ vP)xy2'
(3.20)

-tvP)x2y,

Az = V2(x2

y2)-

i4 vP)(x2 + y2)(x2- y2).

The scalar and vector potentials of a pure magnetic sextupole and octupole
can be found in appendix A. A real magnetic quadrupole is a combination of a
quadrupole with two fringe :fields, a parasitic sextupole and a parasitic octupole
component. The equations of motion of a quadrupole can be derived up to third
order if the scalar potentials or/and the vector potentials are known up to fourth
degree in r. At this point the potentials are derived for a quadrupole, sextupole
and octupole field. The latter two fields can have an arbitrarily orientation with
respect to the quadrupole :field. For a real quadrupole the magnetic scalar and
vector potentials can be found by adding the potentials for the separate multipole
fields.
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3.2.3

Trajectory equations of a magnetic quadrupole

The Hamilton theory is used to derive trajectory equations of charged particles
in complex magnetic and electric fields [Hag 92]. It can be used, for instance, to
describe particle orbits in cyclotrons, or it can be used to derive the higher-order
trajectory equations of charged particles in a quadrupole. F elativistic effects,
fringe fields of quadrupoles, beam momentum spread or parasitic aberrations can
be included in the theory. In general, an analytical technique, like the Hamilton
theory gives an understanding of the equations of motion, but should be used
together with numerical methods if an exact solution is needed.
In this section no detailed description of the foundation of classical mechanics
will be given. For an extensive description of Hamilton mechanics and related
topics see for instance [Gol 80], [Bel 87] or [Whi 60].
Generally, the Hamiltonian of a charged particle can be written as [Cor 82]
(3.21)
with Er = m 0 c2 the rest mass ofthe charged particle, pthe canonical momentum,
A the vector potential and cf> the electric potential. In this case, with A and cf>
time independent, the Hamiltonian is time independent and thus a constant of
motion. This means that the constant Hamiltonian can be written as
(3.22)
with p 0 the relativistic momentum
p0

_ 1

-

I

2

~y2ErT+T,

(3.23)

and T the kinetic energy of the charged particle.
The procedure to derive the equations of motion of a quadrupole consists of
two parts. First, the Hamiltonian is derived from eq. (3.21). Second, from this
Hamiltonian the equations of motion are derived. In Hamilton mechanics the role
of the Hamiltonian H and the time t can be replaced by every pair of canonical
conjugated variables. Any coordinate can be used as new independent variable
and the negative of its conjugated momentum as the new Hamiltonian. In our
case the new Hamiltonian is K 1 = -pz with z as independent coordinate.
Equating eq. (3.21) with eq. (3.22) and taking cf> = 0 gives:
(3.24)
and the new Hamiltionian K 1 is given by:
(3.25)
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Another property of Hamiltionians is that the canonical equations of motion
stay canonical if the coordinates and momenta are scaled by a constant factor.
Usually, the new Hamiltonian I<1 is scaled with p 0 :

-

1-

[(1r~ - Po
.!_A )2 + ( 11
~
1r

-

.!_A11 )2]

Po

q

(3.26)

-Az,
Po

with
'll"·=
t

i = x,y,z.

Po

(3.27)

To derive the trajectory equations up to third order the Hamiltonian should
be developed up to fourth degree. The equations of motion can be derived from
the Hamiltonian eq. (3.26) by:

, {)/{
X=-{) ,

,
Y

?l"~

{)/{

I

=:: ~'

?l"~

U'll"y

=

{}K

-'lii,

(3.28)

For a quadrupole the vector potential is given by eq. (3.20). Define the relative
magnetic field parameters and its derivatives as:

_2qvp)

2qV2(1)

_ 2qV2

Po
Po
Substituting the vector potential in eq. (3.26) gives:
I<=

-11'z

=

-

1-

[<11'~ + ~k~xy2)2 + (1r11 - ~k~x2y)2]

+~k~(x2

y2)-

1

=

(3.30)

418k~' (x4- y4).

Expand the square root in eq. (3.30) until fourth degree in x, y,
This results in the Hamiltonian (see also [Lee 93]):

K

(3.29)

Po

1 2
2
21 [?l"~2 + 11'112] + 4km(xy
?l"~- X 2 Y1ry)

11'~

and

1r •

11

(3.31)

+~ [11';+11';r + ~k~(x2-y2)- 418k~'cx4-y4).
The four canonical equations of motion follow from eq. (3.28):
I

X

?l"~

y

'll"y-

1

2'

1

21

2

1

3

1

1

3

1

2

+ 4kmxy + 211'~ + 27l"~?l"Y'
2

4kmx y+

2

27l"Y + 211'~11'11'

(3.32)

(3.33)
(3.34)
(3.35)
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Differentiate eq. (3.32) and eq. (3.33), substitute eqs. (3.32) - (3.35) in the
result and leave out terms of degree 4 or higher. The results are the third-order
trajectory equations of a quadrupole including the fringe fields:
If

(3.36)

X

y

11

2

32

212

kmy + 2kmY1ry
2

2

+ ?.kmY1rx
1

21

kmx1rx1ry- kmXY1rx-

12

(3.37)
2" • .3

km (y

+ 3yx 2 ).

These third-order trajectory equations are also derived by following Hamilton mechanics in the thesis of Meads (University of California) [Mea 63]. In other derivations in literature of the third-order trajectory equations ([Dym 65aJ ,[Ste 65]) use
is made of the divergences 0 = &p. and <P = hp. instead of the scaled momenta 1rx
and 1ry. The apparent difference between these two definitions can be made clear
as follows. Using eq. {3.25) in the definition of the divergence in the x-direction
yields:

B=

=
Pz

Po)I- (1rx-

To'-)

Px
2

-

(1ry-

~) 2 + qAZ

(3.38)

Substitution of the vector potential of a quadrupole (eq. (3.20)) and approximation
of the square root yields for the x-divergence yields:
()

1rx

1
2
2
qV2
2
+ -21rx(1rx
+ 1ry)-1rx(x

Po

2

Y ) + · · ·.

(3.39)

Substitution of this equation in the third-order trajectory equations in literature
shows no difference until third order with eqs. (3.36) and (3.37) (0 and </> are only
present in terms of at least third degree).
This means that it does not matter for the third-order trajectory equations
whether 1rx and 1ry or() and</> are used. For higher-order trajectory equations this
is not the case.
The third-order trajectory equations are derived for the ideal case. In the
remaining part of this section the beam-momentum spread and sextupole and octupole components are introduced in the trajectory equations. Finally, alignment
aberrations are discussed.
The momentum spread 6 = ~ with A.p the full width at half maximum value
of the momentum spread can be introduced in the equations of motion by taking

P = Po(l

+ 6),

(3.40)
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and following the same procedure as above.
A sextupole and octupole field can be introduced by substitution of the vector
potential of a sextupole or octupole in the Hamiltonian. The procedure leads then
to the trajectory equations of a sextupole and a octupole.
Finally, the combination of the contributions mentioned above yields the thirdorder trajectory equations of a quadrupole with parasitic sextupole and octupole
components and including momentum spread:
11

X

2(

2

1

2

kmXY1ry
k;ex [(y2

11

212

2

2

(3.41)

If

x 2 ) cos(a:3 ) - 2xysin(a:3 )] (1- 8)

-

-

x 3 )cos(a:4 )

2 (
2)
kmy
1- {) + {)
1

2
+ kmY1rx1ry
+

2
+ 121 km(x 3 + 3xy)
+

k;ct [(3xy 2

y

32

-kmx 1-8 + 8 ) - 2kmx1rx- 2kmx1r11

kmXY1rx-

k;ex [2xycos(a:3 )

3x 2 y)sin(a: 4 )],

3 2 .2 + 2kmY1rx1 2 2 kmX1rx1ry2
+ 2kmY1ry

1
3
km(Y
12
If

+ (y3

+

(3.42)

+ 3yx 2 ) +

+ (y2 -

k~ct [ (3x 2 y- y3 ) cos( a: 4 )

x 2)sin(a: 3 )] (1

+ (3xy2 -

6)

x 3 ) sin( a: 4 )]

,

with
and

(3.43)

In eqs. (3.41) and (3.42) the first two lines represent the trajectory equations of a
quadrupole including fringe fields and beam-momentum spread. These equations
are the same as the equations in literature ([Ste 65]) if (} and 4> are replaced by
the scaled momenta 1rx and 1ry. The third line represents the trajectory equations
of a sextupole and the fourth line the trajectory equations of an octupole.
In a system consisting of several quadrupoles, each of the quadrupoles can be
misaligned relative to the ion-optical axis of the total system. A misalignment
can be a translation, a rotation or a tilt of a quadrupole in several directions. To
include the misalignment of a quadrupole in the theory a coordinate transformation
from the coordinate system of a single quadrupole to the coordinate system of the
complete ion-optical system suffices.

3.2.4

Solution of the trajectory equations

In this section the third-order trajectory equations (eqs. (3.41-3.42) are solved
analytically in several steps. First, the linearised trajectory equations of a pure
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quadrupole field are solved in terms of aberration coefficients. Second, the thirdorder trajectory equations are solved for two approximations of the fringe field
of the quadrupole. Thirdly, the chromatic aberration coefficients are calculated.
Finally, the trajectory equations with a parasitic sextupole and/or octupole component are solved.
First-order aberration coefficients
The first-order trajectory equations of a magnetic quadrupole can be found by
leaving out all terms above first degree in x, y, 'll"x, 11"11 and o in eqs. (3.36)-(3.37).
The resulting two second-order linear differential equations can easily be solved
with known begin conditions ( x 0 , 00 , y0 , 4> 0 ) at z = 0 and for a quadrupole with
effective length L. The solution in terms of aberration coefficients is given in table
3.2.
Table 9.2: First-order aberration coefficients of a magnetic quadrupole.In the
table..\= kmL.

<xI x>
<X I 0 >
< e 1x >
< o 1o>
< y I y>

cos.\
k; 1 sin.\
-km sin.\

cos.\
cosh,\

<YI4>> k; 1 sinh,\
<4>1Y> km sinh .\
<4>14>> cosh.\

Third-order aberration coefficients
The third-order trajectory equations of a quadrupole are given in eqs. (3.36) (3.37). A model of the fringe· field is necessary before the trajectory equations
can be solved. In the first model the quadrupole is considered as a complex of
an entrance fringe field, a uniform field and an exit fringe field. The aberration
coefficients of the fringe fields are calculated numerically and of the uniform part
analytically. The aberration coefficients of the complete quadrupole can then be
calculated by multiplying the aberration coefficients of the several parts. In the
second model the quadrupole-field profile has a rectangular form (effective-field
model).
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uniform field - exit fringe field model

First the third-order differential equations for a uniform magnetic field are solved.
The trajectory equations that have to be solved are:
(3.44)
These are eqs. (3.44)-(3.45) with 1r:r replaced by() and 1ry by <P which is allowed up
= 0 and = 0. These couto third-order (eq. (3.39)). For the uniform field
pled, third-order nonlinear differential equations can be solved by a perturbation
technique ([Mil 69]). The first step is linearising the differential equations. In our
case this leads to the first-order trajectory equations discussed above. The higherorder corrections to the solution of the linearised differential equations are obtained
by substitution of the solution in the nonlinear terms of the third-order differential
equations. These differential equations can then be rewritten as linear inhomogeneous second-order differential equations. The total solution of the third-order
trajectory equations of a uniform magnetic field are then a linear combination
of the linearised second-order differential equations and the linear inhomogeneous
differential equations. In the x-direction the latter can be written as:

k;,.

k:

(3.45)
The terms on the right hand side of this equation can be found in [Smi 70]. However a large number of typing errors are present in this article. Comments regarding the errors in this article can be found in [Lee 72]. The terms on the right-hand
side can be found correctly in [Hof 86]. The above equation consists of 10 parts,
that can be solved analytically by Laplace and inverse Laplace transformation
[Smi 70]. The solution in terms of aberration coefficients can be found in [Lee 70].
For the x direction the third-order aberration coefficients can also be found in table
3.3. The third-order aberration coefficients for() can be found by differentiation of
the aberration coefficients for x with respect to z. The aberration coefficients for
y and <P can be found by interchanging x by y, () by <P and km by ikm with i the
imaginary number (for example < y I 'If > can be calculated from < x I x 3 >).
The aberration coefficients of the fringe fields of a magnetic quadrupole depend
on the exact form of those fields. To include these fringe fields in the formalism
several methods can be used. First, the fringe fields together with the uniform part
can be approximated with a rectangular model of the quadrupole. The length of
the rectangular model is the effective length of the quadrupole as discussed in
section 3.1. The third-order aberration coefficients for the rectangular model are
discussed later in this section. A method to calculate the aberration coefficients
separately is given in (Mat 72]. In this article four integrals are introduced that
have to be solved to enable calculation of the aberration coefficients. The integrals
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Table 3.3: Third-order aberration coefficients for a uniform field of a
quadrupole. In the table ..\ kmL. The aberration coefficients for 8, y and <P
can be found by the procedure described in the text.

=

<xI x3 >
< x I x2() >
< x I x()2 >
<xI xy2 >
< x I xytf; >
< x I xt/;2 >
<xl()3>
<X I y2(J >
<X I y()tj; >
< x I ()1; 2 >

i4 k~Jcos.A- cos3A- 4AsinA]

i 4 km[5 sin A- 3sin 3A + 4A cos A]
3
64

[3 cos A - 3 cos 3A + 4A sin AJ

J"2 k![cos >.(cosh 2A- 1) +sin A( 4A- 3 sinh 2>.)]
lakm[cos A sinh2>. +sin A(l- 3 cosh 2>.)]

j 2 [cos A( cosh 2..\ 3
64

1) -sin>.( 4A + 3 sinh 2A)]

k;;;1 [7 sin,\ - sin 3..\ - 4>. cos>.]

i 2 km[cos ..\(3 sinh 2..\- 4..\) +sin>.( cosh 2A- 3)]
la [3 cos..\(cosh 2>.- 1) +sin Asinh 2>.]
~k;;; 1 [cos .A(3 sinh 2-A + 4-A) +sin .A( cosh 2-A

11 )]

depend on the shape of the gradient of the magnetic field of the quadrupole:

rd rz« kd2z

1 2

11

.1..
ko

[2

1o J:ad Z [J:a kdz] dz

2zd,

Za

2

[3

14

ft J:ad [J:a kdz] dz
P1 rd
Za k2dz - zd,

1 3

g-zd,

(3.46)

1 3

3zd,

0

with k0 the magnetic-field gradient in the uniform part of the quadrupole and
za, zb as defined in fig. 3.5. When calculating the integrals the zero point z = 0
has to be taken at the effective field boundaries zb,c
0 and zb, ,e'
0 for the
entrance and exit fringe field, respectively. In the integrals za is a point in the
field-free region and zd a point in the uniform part of the field gradient. The
aberration coefficients of the fringe fields of a quadrupole have been calculated by
[Mat 72] making use of eq. (3.46) and can be found in table 3.4 for x and 0. The
aberration coefficients for y and 1; can be found by replacing x by y, () by 1; and
km by ikm.
The magnetic field gradient of the used quadrupoles has been measured using
a Hall-effect probe (section 3.4.2). The values of the integrals in eq. (3.46) are
calculated numerically and the result is 11
223.95 mm 2 , 12
-2258 mm 3 ,
I3
2055 mm3 and I 4
-11.05 mm.

=

=

=

=

=

=
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oB/ox

Figure 3.5: Magnetic-field gradient of a quadrupole. a and a' are points on the
z-axis in the field free region; d and d' are points in the uniform part of the field
gradient; point b, b', c and c' are points in the fringe field of the quadrupole at
the effective field boundaries. The dotted line is the effective-field model.

Table 3.4: Aberration coefficients for the entrance and for the exit fringe fields
of a magnetic quadrupole. In the second column the coefficients/or the entrance
fringe field and in the third column those for the exit fringe field are listed.

<xI x >
<X I 0 >
<xI x6 >
<xI xs >
<xI xy2 >
< e 1x >
< e 1o>

1- k~I1

1 + k~/1

-2k~I2

-2k~I2

+k~I1

-k~ll

+k~/12

-k~/12

+k~/4

-k~/4

-k~I3

-k~I3

< e 1 ec >
< e I xs >

1 + k~I1

1- k~/1

-:k~I1

+k~/1

-k~l4 /3

-k!,I4/3

k~l4
-k~/4

k~I4

+k~/4

+k~/2

-k~/2

-k~/4

+k~/4

< 0 I xy2 >
< e 1x 2o>
< 0 I xylj! >
< e I Oy2 >
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The aberration coefficients for the total quadrupole can now be found by matrix
multiplying of the third-order transformation matrix of the entrance fringe field
with those of the uniform field and the exit fringe field (eq. (3.9)).

Effective field model
The second model for the quadrupole field is the effective-field model in which the
quadrupole field is considered as a rectangle (fig. 3.5). The trajectory equations
that have to be solved are given by:

x" + k 2 x = _i!k 2 x(J2 - lk 2 x<jJ 2 + k 2 y(}"' + k 2' xy4J + lk 2 "(x 3 + 3xy2 )
m

y" -

2 m

k~y = ik~y<jJ

2 m

2

+ ~k~y(}

m

2

'I'

m

- k~x(}<jJ- k~xy(}-

12 m

1 2 k~' (~ + 3yx
1

2

'

(3 47)

).

•

These are eqs. (3.36) and (3.37) with 7rx and 7ry replaced by (} and </J. In these
equations also terms with the first and second derivative of k~ are present. The
difference between .the effecth;e field model and a model with only a uniform field
can be seen in fig. 3.5. In a uniform-field model a constant gradient is assumed
between the points c and c'. In the effective-field model also a constant gradient is
assumed between the point c and c' but now the points b and b' are included. This
means that in the effective-field model two discontinuities are present, in contrast
with the uniform-field modeL The method to solve this trajectory equation is the
same as is used for the uniform field. The aberration coefficients can be found in
table 3.5.
Table 3.5: Third-order aberration coefficients for the effective field model of a
quadrupole. In the table A = kmL. The aberration coefficients for 8,y and 4>
can be found by the procedure described in the text.

<xI xs >
<xI x 2 B >
<xI x(J2 >
<xI xy2 >

<xI xy4J >
<xI x</J2 >
<xiB3 >
<X I y2() >
<X I y(}<jJ >
<X I (J<jJ2 >

1 ~ 2 k;,[13(cos.:\- cos3.A)- 36.:\sin.:\]

,I

1 4 km[ -5

sin .A - 13 sin 3.:\ + 12.:\ cos .A]

ri4 [13(cos3.A- cos.\) -12.:\sin.A]
i2 k~[-3 cos .A( cosh 2.:\- 1) +sin .A(4.:\- 3 sinh 2>.)]
1
1 6 km[ -3 cos .A sinh 2.:\

+sin .:\(9- 3 cosh 2.:\)]

-i [3cos.A(cosh2.A -1) +sin>.(4>. + 3sinh2.:\)]
2

1 ~ 2 k;:;;

1

[-75 sin .A+ 13 sin3.:\ + 36.:\ cos>.]

i 2 km[cos.:\(3sinh2.:\- 4>.)- sin>.(3cosh2.:\ + 15)]
3
1 6 [cos

.:\(cosh 2.:\ - 1) - sin Asinh 2>.]

i 2k;:;; [cos.A(3sinh2>. + 4>.)- sin.A(3cosh2.A + 7)]
1
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Second-order aberration coefficients
Second-order aberration coefficients without beam momentum spread are zero because of the fourfold symmetry of the quadrupole field. The only second-order
aberration coefficients are terms containing the beam momentum spread 8. The
trajectory equations of a quadrupole with fringe field terms and momentum spread
can be found from eqs. (3.41) and (3.42) by leaving out the sextupole and octupole
terms. Terms containing the beam momentum spread in these equations can be
considered as a correction on the first order terms. Again, the trajectory equations
can be solved by making use of the perturbation method (eq. (3.45)). As a result
four chromatic aberration coefficients per coordinate are present. Two of them
are second-order coefficients and two are third-order coefficients. In table 3.6 the
chromatic aberration coefficients can be found.

Table 3.6: Chromatic aberration coefficients of a magnetic quadrupole. In the
table A= kmL.

>
<X I 08 >
<xI x8 2 >
<X I ()82 >
<xI x8

< (J I x8 >
< o I &8 >
< (} I x82 >
< e I 082 >
< y I y8 >
< y I 4>8 >
< Y I y82 >
< y I </>82 >

H>. sin>.]

I

!k;:;/[sin,\- >.cos>.]
k[-3,\sin>.- >. 2 cos>.]
~k~ 1 [>. cos>.- sin>.- >. 2 sin>.]

!km[>. cos>.+ sin>.]

! >.sin>.
lk m[>.2 sin,\

8

H-,\sin>.- >.

3 sin>.
2

5,\ cos>.]

cos>.]

H->. sinh >.]
!k~ 1 [sinh >. - >.cosh,\]

i(3>.sinh,\ + >. 2 cosh>.]
~k~ 1 [>.cosh,\

sinh >. + ,\ 2 sinh .X]

I y8 > -!km [sinh >. + >.cosh>.]
< <P I </>8 > -~,\sinh ,\
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Comparison of the two quadrupole models

The two quadrupole models discussed above are the entrance fringe field, uniform
field, exit fringe field model and the effective field modeL It has to be noted here
that the aberration coefficients of the effective field model are different from the
aberration coefficients of the uniform field without fringe fields, as can be seen in
tables 3.3 and 3.5. When comparing the two models the fringe field aberration
coefficients play an essential role. The effective field model is a rigorous thirddegree modeL In the fringe field model the condition that the beam has about the
same size as the extend of the fringe field is taken into account in the derivation
of the aberration coefficients of the fringe field [Mat 72].
First, the aberration coefficients of a single quadrupole are compared. The two
models should give the same result when an effective field is used. In the fringe
field model this can be done by setting the integrals / 1 · · · 14 = 0. This means that
only a few of the aberration coefficients in table 3.4 stay unequal zero. Numerical
matrix multiplication of the third-order transformation matrices shows that a few
of the aberration coefficients of the fringe model and the effective field model are
unequal. The difference of a single aberration coefficient can be as high as a factor
10 depending on the aberration coefficient and the strength of the quadrupole.
This is caused by the different calculation methods for the aberration coefficients
in the different models.
When comparing the aberration coefficients of the effective field model and
the fringe field model for the existing Eindhoven quadrupoles and the real fringe
field also a difference in aberration coefficients is present although the difference
is smaller than comparing the effective field. The difference is also dependent on
the ratio of the effective field length and the fringe field extension.
Second, the aberration coefficients of the total Eindhoven microprobe system
are compared using the two models. The conclusion from this comparison (see
chapter 4) is that when looking at the effect on the spot size and shape little
difference can be seen between the two models. It has to be noted that this is
not a general conclusion but it depends on the quadrupoles used. In the next
chapter also a comparison is made between measured aberration coefficients and
calculated aberration coefficients. The calculations are done with the two models
described above and with a numerical ray-tracing program.
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Sextupoles and octupoles.
The trajectory equations for a quadrupole with a parasitic sextupole or octupole
are given by:

x"

+ km2 x =

km2 x(6- 62 )

k;ex[(y2

-

-

2
2
iik
x"' 2 + km2 y0"'+
2m x(P- lk
2m'l'
'I'

x 2 ) cos(a 3 ) - 2xysin(a3 )](1- 6)+

k~ct[(3xy 2 - x 3 )cos(a 4 )

y"- k'!y =

-k'!y(6

+ (y'J

62 ) - ~k'!y<fJ 2

k;e:cl2xycos(a 3 )
k~ct[(3x 2 y-

+ (y2

3x 2y)sin(a 4 )],

+ !k'!y0 2 -

(3.48)

k'!xO</J+

x 2 )sin(a3 )](1- 6)+

if3) cos(a4 ) + (3xy 2 -

x 3 ) sin(a- 4 )].

These are eq. (3.41) and (3.42) with 1rx replaced by 0 and 1ry by </J and without
the fringe field components. So these are the trajectory equations for a uniform
quadrupole with a sextupole and/or octupole component with arbitrarily phase
angle. The aberration coefficients for such a quadrupole are not a simple addition
of the aberration coefficients of a quadrupole and those of a pure sextupole and/or
octupole. [Nak 82]. The trajectory equations can again be solved with the perturbation technique. The solution given here applies to multipoles with a quadrupole
component of any field strength including zero. This means that the aberration
coefficients of a pure sextupole and octupole can be derived by putting km = 0.
The sextupole part of the trajectory equations consists of two terms. The first
term represents the normal straight sextupole (this is the term with cos( a 3 )), the
second part represents the skew sextupole (term with sin(a-3 )). In the same way
the octupole part can be written as a combination of a normal octupole and a skew
octupole. This means that the trajectory equations have to be solved separately
for the normal and skew parts and also different aberrations coefficients will be
present for the normal and skew parts.
Introduction of the parasitic sextupole and octupole components does not
change the first-order aberration coefficients. Also the second-order chromatic
aberration coefficients in table 3.6 do not change. Additional second-order aberration coefficients resulting from a parasitic sextupole can be found in appendix
B, table B.l. The second-order aberration coefficients are presented for a normal
and skew parasitic sextupole in the x and y direction. The aberration coefficients
for e and <P can be found by differentiation of the aberration coefficients for x and
y with respect to z, respectively. The second-order aberration coefficients of a
parasitic sextupole with an arbitrary phase angle a 3 can be found by multiplying the aberration coefficients of a normal sextupole with cos( a 3 ) and those of
askew sextupole with sin(a-3 ). A parasitic octupole does not contribute to any
second-order aberration coefficient.
The third-order aberration coefficients for the uniform field in table 3.3 and
the third-order chromatic aberration coefficients in table 3.6 do not change by the
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introduction of parasitic sextupoles or octupoles in the quadrupole field. These
sextupoles and octupoles yield extra terms which should be added to the existing
third-order aberration coefficients. In table B.2 - B.5 the third-order aberration
coefficients in the x and y direction for a normal and skew sextupole are presented. In table B.6 and B.7 those for a normal and skew octupole are listed.
The third-order aberration coefficients for a parasitic sextupole and/or octupole
with arbitrary phase angles can again be calculated by multiplying the aberration coefficients of a normal sextupole/ octupole with cos( an) and those of a skew
sextupolefoctupole with sin( an)·
To obtain the aberration coefficients for a real quadrupole magnet the fringe
fields must be taken into consideration. To calculate these aberration coefficients
multiply the transformation matrices of the entrance fringe field, the uniform part
and the exit fringe field. In a practical application it is reasonable to take into
account only the fringe field aberration coefficients for the quadrupole [N ak 82].
Computer codes

To calculate the aberration coefficients of a single quadrupole or a complete ionoptical system computer programs are used. The computer code TF ANSPOFT
([Bro 80]) is widely used for designing beam transport systems. This program
calculates third-order aberration coefficients for ion-optical systems and uses the
aberration coefficients of the effective field model. It does not have the possibility
to include multipole aberrations in a quadrupole. The computer code TUFTLE
([Car 82]) is a second-order program that uses the same model as TF ANSPOFT
but has the possibility to include multipole fields in a quadrupole.
To perform ion-optical calculations for the Eindhoven microprobe the program
MICF OAC has been written ([Man 94]). This program uses the third-order aberration coefficients discussed above for the different quadrupole models and has
the possibility to include multipole fields in the quadrupole. A description of the
possibilities of MICF OAC is given in chapter 4.

3.3

Numerical field calculations

In this section some numerical calculations concerning quadrupole fields are presented. Several aspects of the design of a magnetic quadrupole contribute to the
quality of the magnetic field in the quadrupole. The pole tip of a quadrupole can
have different shapes. An ideal quadrupole pole shape can not be constructed
since it has to be truncated at some point. Different pole shapes will have different 12-pole and 20-pole contributions and therefore a different good-field aperture.
The quadrupoles for the Eindhoven microprobe have a polygon pole shape (section 2.1.1, fig. 2.3). Inaccuracies in the symmetry of the 4 poles can give rise to
multipoles like sextupoles, octupoles and higher order poles.
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The numerical program POISSON [War 87] can be used to calculate magnetostatic fields a in two-dimensional geometry. The program is used to calculate the
field inside the quadrupoles used for the Eindhoven microprobe. POISSON has
the possibility to calculate the multipole components of the field by performing a
harmonic analysis of the field. It defines therefore a circle inside the gap of the
magnet and calculates the potential at several equidistant points on that circle. A
Fourier analysis then gives the different multipole components. More information
about the harmonic analysis can be found in the users manual [Men 87]. The program can only calculate fields in a two-dimensional geometry. The results of the
calculations presented in this section are all performed in the plane perpendicular
to the ion-optical axis of the quadrupole in the uniform part of the quadrupole.
A multipole analysis is performed with a measured pole tip shape and a
quadrupole with an exact fourfold symmetry. The construction tolerance of the
Eindhoven quadrupoles is not known, but assumed to be better than 0.05 mm. A
harmonic analysis shows that the ratio of the pole-tip field of a multipole and that
of the quadrupole B n / B 2 is smaller than 0.1%. From this analysis the good field
aperture is calculated to be 73% and compared to the good-field regions given for
other pole tip shapes this a average value.
Another effect that can be calculated with POISSON is the sensitivity of a
multipole contribution to pole-tip misalignment. To calculate this one or more
of the pole tips are misaligned, the magnetic field is calculated and a harmonic
analysis is performed. In fig. 3.6.a one of the poles is displaced in a radial direction.
The maximum displacement is 1 mm. A positive displacement means that the
pole-tip is moved outwards. The harmonic analysis is performed around the same
geometrical centre point as the non disturbed quadrupole. Fig. 3.6.a shows the
three most important generated multipoles. Other multi poles are present but have
a contribution lower than 0.2% at 1 mm displacement. The curves in the figures
are fitted with a linear function and the results for the three components are with
din mm:

Bd B2
B3 / B 2
B 5 /B 2

I= (1.61 ± 0.01). 10- 2 Id I,
I= (1.18 ± 0.01) · 10- 2 Id I,
(0.36± 0.01) ·10- 2 1d I·

The dipole component is present since the displacement of one of the poles
introduces a dipole in the quadrupole. In practice the dipole component is of
less importance since a dipole only causes a displacement of the beam spot in a
microprobe set-up. The next important multipole is the sextupole. This is in
agreement with the qualitative results presented in [Cob 65]. In the next chapter
the consequences of a multipole component in the quadrupole field and the effect
on the beam spot are discussed.
In fig. 3.6.b the most important multi pole contributions are shown as a function
of the same displacement of the pole at 45° in the negative a: and in the positive

60

Magnetic quadrupoles

2.0

1.5

'0</

1.5

0>~

'"'
~
._,

1.0

1.0

0.5

0.5

0.0

0.0

-1.0 -0.5

0,0

0.5

1.0

-1.0

displacement (mm)

-0.5

0.0

0.5

1.0

displacement (mm)
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y direction. The multipoles that are not shown have a contribution smaller than
0.2% of the quadrupole. The curves in the figures are fitted with a linear function
and the results for the four most important components are with d in mm:

B1/ B 2
B3/B2

B4/ B2
B5 / B 2

w- 2 1 d 1,
(1.20 ± 0.01) ·10- 2 Id I,
(0.92 ± 0.01). 10- 2 Id I,
I= (0.34 ± o.o1) . w- 2 1d 1.
(0.32 ± o.o1).

The dipole component is of less importance compared to the former situation
since in this case the aperture radius does not change very much. The two components that give the greatest multipole component are the sextupole and the
octupole.
In fig. 3. 7.a the multi pole contributions as a result of a diametrical displacement
are shown. A diametrical displacement of 1 mm means a displacement of 1 mm of
both of two opposite poles. The most important multipole contaminants are here
the duadecapole and the octupole with a contribution of:

I= (0.33 ± 0.02). 10- 2 Id I,
Bd B 2 I= (0.37 ± 0.02) · w- 2 I d I .

B4/ B2

The other components have a contribution of 0.2 %or smaller. The dipole component is, compared to the former figures, not present since the midpoint of the
harmonic analysis does not change. This analysis is again in agreement with
[Cob 65].
Finally, in fig. 3.7.b the multipole contributions as a result of the rotation of
one of the poles is shown. The most important contributions are the sextupole
and octupole with:
B3/ B2

B4/ B2

I= (1.15 ± 0.01). 10- 2 Id I,
(0.89 ± 0.01). 10- 2 Id I .

The decapole and dipole component have smaller contributions than the sextupole
and octupole components. The other multipoles have a contribution of 0.2 % or
less.
The multipole contributions of a real quadrupole are a combination of the above
described displacements and/or rotations of one or more poles. Calculations with
POISSON can help to find construction tolerances of quadrupoles. To identify
multipole components of an existing quadrupole accurate measurements of the
quadrupole and especially the pole shape is necessary but not always possible. The
acceptable multipole contaminations in the quadrupoles of a microprobe set-up
can be found only by introduction of the multi pole components in the calculations
of the total system. The introduction of multipole components in the trajectory
equations of a single quadrupole is described in the former sections of this chapter.
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In the next chapter the results of calculations of the total microprobe system
are given. But first methods of measuring the field inside a quadrupole and the
measurement of multipole components in an existing quadrupole are described.

3.4
3.4.1

Experimental methods to determine
the field of a quadrupole
Introduction

In section 3.3 the results of calculations of the effect of the design of the pole-tip
shape and misalignment of the pole are described. In this section experimental
methods to measure the characteristics of a magnetic quadrupole are described.
In general, the methods are the Hall-effect probe, the grid-shadow technique and
the rotating-coil technique. All these methods can be applied in Eindhoven. The
results of the first two methods are given in section 3.5.2 and 3.5.3. Since the
results of the rotating-coil measurements still have a large uncertainty compared
to the other methods, these will not be described here. The Hall-effect probe is
used to determine the excitation curve and the effective length of the quadrupole.
The grid-shadow method is a technique to identify and quantify the lower-order
multipole components of a quadrupole.

3.4.2

Hall-effect probe measurements

The measurements of the magnetic field in a quadrupole have been performed with
a Hall-effect probe. The position of the probe is adjustable in two perpendicular
directions by computer-controlled stepper motors. The Hall voltage can also be
read out by the computer. Measurements can be performed in one dimension
or two dimensions. Measurements are repeated and averaged to reduce noise.
Facilities are present to align the quadrupole magnet with the Hall-effect probe
machine.
The excitation curve of the quadrupole magnet has been determined by measuring the magnetic field gradient in the centre of the quadrupole. The results of
the measurement can be seen in fig. 3.7.
The gradient is also determined as a function of the longitudinal distance z.
In fig. 3.9 the gradient g(z), normalised on the gradient g(O) in the centre of
the quadrupole, is displayed versus the longitudinal distance, normalised on the
aperture diamet~r. Different models have been tried to describe the fringe field of
the quadrupole. The model that provides the best description of g(z) is given in
[Kow 87] and is:

g(z) _
1
g(O)
1 + e8

'

(3.49)
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with

C0 + C1
zf2a,

S
s

20.0 ± 0.1,

C0

C1

c2
C3

Is I +C2 isl 2 +C3 Isl3 ,

=

21.2 ± o.2,
6.8 ± o.2,

o.8o ± o.o4.

The deviation of the measured points in the uniform part of the quadrupole from
the model is probably caused by inaccuracies in the position of the Hall-effect
probe during the time of measurement.
From these measurements the effective length of the quadrupole is calculated
to be 180.2 ± 0.4 mm. This means that k in eq. (3.4) is about 1.16. Also the four
integrals in eq. (3.46) are calculated from these measurements.
The conclusion from these measurements is that a Hall-effect probe is very
useful to determine the shape of the fringe field or the effective length of the
quadrupole. Although the Hall-effect probe was also used to determine multipole
components in the quadrupole field the position accuracy and reproducibility of the
Hall-probe was not good enough to decide which multipole components are present.
The method can be improved by measuring more planes in the quadrupole. In this
situation also phase-angles can be determined. However, the measurement time
can than get very high compared to e.g. the rotating coil technique.

3.4.3

Grid shadow method

The grid shadow method has been used to measure the aberrations of single magnetic and electrostatic quadrupoles. The method has been extensively used to measure aberrations in electron focusing systems [Pet 71] and [Yav 72]. The method is
further adapted for quadrupoles used in microprobe set-ups by Jamieson [Jam 85].
In this section the most important properties of this method are described. For a
full description of the grid shadow method see [Jam 85], [Jam 87] and [Jam 88b].
The method uses a very fine grid that is placed in or near the image plane of
a focusing system. In the case of a single quadrupole the image is a line. The ion
beam hits the grid and a shadow pattern is produced behind the grid that can be
visualised on a scintillating quartz glass. The aberrations of the lens system cause
the grid bar shadows to be curved in such a way that the pattern is characteristic
of the aberrations present in the system. The structure of the grid shadow pattern
is very sensitive to aberrations caused by parasitic multipoles.
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Figure 3.10: Experimental set-up for the grid shadow method.

The experimental arrangement is shown in fig. 3.10. The focusing system in
the figure is a single quadrupole but it can also be a focusing system consisting of
more quadrupoles. In the first case the spherical aberrations of a single quadrupole
can be measured, in the second case the aberrations of the complete system can
be measured.
The grid must be very fine since the aberration coefficients are very small in
the focusing system of a microprobe. In our experiments, the grid used is a copper
5 p,m thick, 2000 mesh grid (period 12.7 p,m, bar 5 p,m). Particles in the beam
travel undisturbed through the holes and are scattered in the bars of the grid. In
this way a grid bar shadow pattern is formed on a quartz target. The range of 3
MeV protons in copper is larger than the thickness of the grid and this means that
the protons are not stopped in the bars of the grid but are scattered. Although
the thickness of the grid is only 5 p,m the pattern is clearly visible on the quartz
target.
The creation of a grid-shadow pattern can be made clear with the help of
fig. 3.11. In the left part of this figure the line image of one positive quadrupole
can be seen on the grid. The small squares in this part of the figure represent the
holes of the grid. The two vertical lines represent the boundaries of the line image.
The filled squares represent the part of the grid where particles travel through the
holes towards the quartz target. If a multipole is present in the quadrupole field
a relation exists between the x and 0 coordinates of the particles. For a sextupole
this relation can be approximated by x = constant () 2 • This means that for a
certain x-interval one or two 0-intervals are present. An a:- interval is now made by
the holes in the grid. The particles coming through one of the holes diverge to the
quartz target and form a small shade band structure. When the grid is positioned
under a small angle with respect to the line image a pattern of small and wide
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Figure 9.11: Forming of grid bar shadow patterns on a quartz scintillator in
the case of a single positive ideal quadrupole (grid period 12. 7!-'m, hole 5 t~m).
For an explanation of the fiugre see the text.

shade bands is formed. In the right part of the figure these small and wide shade
bands can be seen. In pract,ice the small shade bands can not be seen separately
because the beam is divergent in the x and y direction after the grid.
Quartz is more suited as a scintillator target for the grid shadow method than
other materials like normal glass or a plastic scintillator when beam damage, light
output and surface structure are considered. The protons are completely stopped
in the quartz target. The emitted light can be seen through the rear window of
the target chamber. A normal camera can be placed behind the chamber to make
photographs of the bar pattern on the quartz glass. The bar pattern can also be
seen or photographed through a microscope placed behind the glass window of
the chamber. The used photomaterial is Kodak Ektar 1000. With this film the
exposure time is between one and ten minutes.
All distances are known so that the first-order focusing properties of the system
are known (see fig. 3.12).
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Figure 3.12: Definition of coordinates for the grid shadow method. The figure
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The position (xi, y,) of a particle on the grid can be written as:

xi

Y;.

< x I 0 > Oa+ < x I rp > r/l 0
+ < x I 02 > 65+ < x I ()rp >Oar/la+ < x I tP 2 > r/l5
+ < x I (J3 > ()~+ < x I (J2rp > O~r/Ja
+ < x I (Jrp2 > Oo</15+ < x I </13 > rp~
+ higher order terms,

(3.50)

< Y I !/J > !/Ja+ < Y I 0 > Ba
+ < Y I </1 2 > r/J5+ < Y I <flO > !/JaOa+ < Y I 02 > 0~
+ < Y I <fl3 > !/J5+ < Y I </1 20 > r/J~Oa
+ < y I <fl02 > r/loB5+ < y I o3 > eg
+ higher order terms.

(3.51)

if the object is a point (xa Ya = 0) and the beam energy spread 6=0. The first
line in eqs. (3.50) and (3.51) represents the quadrupole terms, the second line the
sextupole terms, the third and fourth lines the intrinsic spherical aberrations and
the octupole terms and the last line the higher-order terms. The divergences in
both directions are large at the position of the grid. This means that second and
higher order terms can be neglected:
(3.52)
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</J;

=<

<P

I <P > <Po·

(3.53)

In the following a quadrupole is considered that focuses in the x-direction.
Equation (3.50) shows that the intrinsic spherical aberrations of a quadrupole
and a parasitic octupole are described with the same aberration coefficients. A
parasitic octupole can only be determined if its influence is larger than the the
spherical aberrations of the quadrupole. In the focusing x-direction the quadrupole
terms in equation (3.50) are zero, and the aberration coefficients will dominate.
In the defocusing y-direction the quadrupole term is large and the second and
higher-order aberration coefficients can be neglected [Bre 90].
The beam passes the grid and diverges in both directions behind the grid. The
image on the quartz glass has a rectangular shape. The size of the image depends
on the divergence of the beam at the grid and thus of the demagnifications of
the quadrupole system and the maximal start divergence () 0 and <jJ 0 • The start
divergence of the beam is determined by the size of the aperture slit system of the
microprobe set-up. The beam particles move from the grid to the quartz target
through a drift space. The position ( x 8 , Ys) and the divergence (() 8 , <P 8 ) of a particle
on the quartz target is:

x.

X;+ dO;,

o.

();'

Ys

Y;

<P.

</J;'

(3.54)

+ d</J;,

with d the distance from grid to quartz target. In a practical situation, with X;
about 20 /Jm, d = 300 mm, x 8 is much larger then X; and the divergences can be
written as

(x.- x;)/d ~ x.fd,

(3.55)

(Y.- Y;).jd

Y; cannot be neglected.
The divergence in the y-direction is small in the area around the x-axis on the
quartz screen. The terms with the horizontal divergence () will dominate. The
position of the particles on the grid is:

(3.56)

X·

X;

'

m=l

Y;

<,Y

I <P > <Po·

and Y; can now be written as:
3

X;

3

10m

m

" < X I om > om0 = ~
" << X() I () >m> Xdms '
= f;;:l

(3.57)
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A. _
< Y I t/J > Ya Yi
> 'f'O - < ifJ I ifJ > - d - .

(3.58)

As can be seen in for example fig. 3.11 the grid makes an angle a with the focused
line image of the quadrupole. This small angle is essential for the formation of a
grid shadow pattern. For particles going through the holes in one column of the
grid the relation between xi and Yi is:
Yi = xdtana.

(3.59)

From eqs. (3.65)-(3.67) it follows that the grid bar shadow pattern can be written
as:

=

< Y I ifJ > +d < ifJ I ifJ >
< y I ifJ >
Y;

t

< y I ifJ > +d < tjJ I tjJ >
< X I em >
< y I tjJ > tan a
m=l < (} I (} >m

(3.60)

xr;
dm ·

The shape of the shadow pattern of the grid bar depends on the type of multipole. For a sextupole (m = 2) the shape of the grid pattern is parabolic
(y8 constant x;). In a linear system with no multipole components, Ys does not
depend on x 8 and the shadow pattern consist of straight lines.
From eq. (3.60) follows that if a is small (in practice < 1°) one can identify
very small coefficients < x I om > and thus very small multipole components can
be determined. The aberration-coefficients < (} I (} >, < tjJ I tjJ > and < y I tjJ >
are known since the first-order properties of the focusing system are known. d and
a can be measured and by measuring the shape of the grid shadow pattern the
aberration coefficients < x I om > can be calculated. By reversing the excitation
of the quadrupole also the coefficients < y I q;m > can be determined.
The grid shadow patterns can be simulated in MICF OAC ((Man 94J) by tracing
separate particles from the object slit system through the focusing system and grid
to the quartz target. If a particle hits the bar of the grid the tracing is stopped else
the coordinates of the particle are stored and a grid-shadow image can be made.
The parameters that can be varied are for example the number of particles, the
strength of the quadrupole, the distance of quadrupole to the grid, the size of the
aperture and object slits and the rotation angle of the grid.
Aberration coefficients that depend on (} as well as on tjJ cannot be described
with simple polynomial functions but must be described with more complicated
functions [Jam 85]. To have an idea of the shape of the grid shadow patterns, the
patterns resulting from a single aberration coefficient are calculated and plotted
in fig. 3.13. The value of each aberration coefficient is chosen in such a way that
the aberration itself at the position of the grid is 50 J.Lm. The quadrupole used for
the simulation is Q4. The position of the object slit, aperture slit, qu<tdrupole and
grid is the same as in normal microprobe operation. For the simulation the object
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Figure 3.13: The influence of the type of aberration coefficient on the grid
shadow pattern for a positive quadrupole with positive values of the aberration
coefficient. The value of an aberration coefficient is chosen in such a way
that the aberration at the position of the grid is 50 pm. The pattern with
subscript 'no' has no extra aberration coefficient. The scale of a picture is
about 7 x 7mm 2 and is the same for all the pictures. Each small black square
represents one particle.
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slit is a point source (size zero) and the aperture diaphragm is 7.5 mm horizontally
and 1.75 mm vertically. The rotation angle of the grid bar is 1.5° with respect to
the line focus of the quadrupole.
In reality, the total aberration does not depend on one aberration coefficient
but on a combination of more aberration coefficients. Which aberration coefficients
are important does not only depend on the multipole but also on the phase angle of
the multipole. For a sextupole with phase angle zero, for example, the aberration
coefficient < X I Otj; >= 0 but for a sextupole with phase angle 30° the aberration
coefficients < x I 02 > and < x I 4; 2 > are zero [Bre 90]. Since a parasitic multi pole
can have all phase angles, each combination of aberration coefficients is possible.
In fig. 3.14 and 3.15 the relation between the grid shadow patterns and the phase
angle for a parasitic sextupole and octupole are shown.
An estimation of the phase angle of the parasitic multipole can be made by
comparing the grid-shadow pattern at positive excitation with the grid-shadow
pattern at negative excitation. The terms < x I 02 > and < y I tj;2 > can be
determined from the central region of the grid shadow pattern. By comparing it
with a pure sextupole, the phase angle can be determined accurately [Bre 90].
In the following the influence of the object slit width, the fringe field and the
beam energy spread on the grid shadow patterns are discussed. The grid shadow
patterns discussed above are are all simulated with an object size zero. This is
in practice not possible since this means no beam current. A non-zero object size
will cause penumbra in the grid shadow pattern. In the focusing direction the
slit width should be chosen in such a way that the separate bar shadows are still
visible and do not overlap.
A parasitic multipole can only be identified if its influence is larger than
the influence of the intrinsic third-order effect caused by the fringe field of the
quadrupole. In fig. 3.16 a simulation of a grid shadow pattern can be seen of
quadrupole Q4 with only first-order aberration coefficients taken into account and
of quadrupole Q4 with up to third-order aberration coefficients taken into account.
The beam energy spread is 0.3 % FWHM. This value can be reduced by using
the beam guidance system between the cyclotron and the microprobe set-up in the
dispersive mode (see chapter 1). To investigate the influence of the beam energy
spread on the grid shadow pattern, a simulation is made with a 1% octupole in
Q4 and an energy spread of 0% and 0.3%. From figure 3.17 it is clear that it is
important to keep the beam energy spread as low as possible to get cleat pictures.
However, tuning the beam guidance system in the dispersive mode reduces the
beam current and thus increases the exposure time for making the photographs.
In practice measurements have been done to determine the multipole contribution and phase angle of the four quadrupoles of the microprobe. The grid shadow
patterns have been measured with the quadrupoles at the same position as during
normal operation (see fig. 2.1). In fig. 3.18 the experimental grid shadow patterns
are shown for quadrupole Q1 and Q2 . In fig. 3.19 the grid shadow patterns of Q3
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Figure 3.14: The influence of the phase angle on the grid shadow patterns of
a parasitic sextupole. Q4 has a 1% sextupole. The grid rotation angle is 0.5°.
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Figure 9.15: The influence of the phase angle on the grid shadow patterns of
a parasitic octupole. Q4 has a 3% octupole. The grid rotation angle is 0.6°.
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Figure 3.16: Grid shadow pattern of quadrupole Q4 with only first-order coefficients taken into account (left-hand figure) and with up to third-order coefficients taken into account. The size of the pattern is about 8 x 8 mm2
(right-hand figure).

Figure 3.17: Grid shadow pattern of quadrupole Q4 with a 1% parasitic octupole and a beam energy spread of dfo (left-hand figure). On the right the
same figure with a beam energy spread of 0.3%. The rotation angle of the grid
is o.ao. The size of the pattern is about 8 X 8 mm2 (right-hand figure).

74

Magnetic quadrupoles

Table 3. 7: Magnitude and phase angle of the parasitic multipoles. The values
are determined by simulation of the patterns with MICROAC

dominant multipole
phase angle (0 )
magnitude (%)

Q1
sextupole
45
0.15

Q2
?

Q3
sextupole

Q4
no

?
± 10
45 ± 10
0
± 0.05 < 0.05 0.10 ± 0.05 < 0.05

and Q4 are shown. The experiments have been repeated for different values of a
and the momentum spread 6. All measurements have been done for positive and
negative excitation.
Two methods have been applied to determine the magnitude of the multipole
and its phase angle. The first method uses the program MICF OAC to simulate
the grid shadow patterns with varying parameters. By carefully comparing the
grid shadow photograph and the simulations an estimation can be made of the
magnitude and phase angle of the multipole. In the second method the photograph
of a shadow pattern is digitised and analysed. The result of the simulation is
summarised in the table 3.8. The results of the digitizing is in agreement with
these values.
These results show for Ql and Q3 a parasitic sextupole with a phase angle of
45° and a magnitude of about 0.1 %. In quadrupole Q2 no dominant parasitic
multipole could be determined. In quadrupole Q4 an octupole seems to be present.
However, grid-shadow photographs taken of a larger area show that the pattern is
dominated by spherical aberrations.
In general, the magnitude of the parasitic multi poles is very small compared to
reported values in literature (see for example [Bre 90]). This is a surprising result
since the used quadrupoles have been designed for a normal beam guidance system
of a cyclotron. In fact, simulations have shown that these parasitic sextupole and
octupole components will have no visible influence on a spot size of 1 x 1 J.Lm 2 •

3.5

Conclusion and discussion

In this chapter a theoretical description is given of the third-order aberration
coefficients for a quadrupole including the fringe fields, sextupole and octupole
components and beam momentum spread. The method to calculate these aberration coefficients uses Hamilton theory to derive the equations of motion of the
quadrupole. The result shows that there is no difference until third-order between
the presented theory and the more classical approach (see for example [Bro 82]).
From these equations of motion the aberration coefficients up to third order are
calculated. In this chapter, including appendix B, an overview is presented of
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Figure 9.18: Experimental grid shadow patterns of quadrupole QJ and Q2
of the microprobe. Top left: Q1 with positive excitation, top right: QJ with
negative excitation, bottom left : Q2 with positive excitation, bottom right: Q2
with n egative excitation. 01 is 0.5° for QJ and 0.2° f or Q2. Visible are small
sextupoles in QJ and Q2.
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Figure 3.19: Experimental grid shadow patterns of quadrupole Q3 and Q4
of the microprobe. Top left: QS with positive excitation, top right: Q3 with
negative excitation, bottom left: Q4 with positive excitation, bottom right: Q4
with n egative excitation. a is 0.5° for QS and Q4. Visible are a small sextupole
in QS and a small octupole in Q4.
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all first, second and third-order aberration coefficients. The first, second and a
part of the third-order aberration coefficients can be found in literature and are
in agreement with the calculations. The remaining third-order aberration coefficients, particularly those for a rotated sextupole and octupole component are
calculated and presented in appendix B.
Furthermore, Hall-effect probe measurements are presented to determine the
characteristics of a single quadrupole namely the excitation curve and the gradient
of the magnetic field in the longitudinal direction. Measurements show that the
accuracy is too low to give definite conclusions. The grid-shadow method is a very
sensitive method to determine the presence of sextupoles or octupoles components
in quadrupoles. The presented results of the measurements show a very low multi pole contamination in the used quadrupoles. This contamination is so low that
the influence of these multipoles can be neglected down to spot sizes of 1 mum.
To reduce the beam-spot size in the microprobe new quadrupoles can be considered. From the point of multipole contamination this is not necessary. To reduce
the chromatic aberration coefficients, it is desirable to have quadrupoles with the
iron length about the same as the geometrical length. The methods presented in
this chapter can be used to design and optimise new quadrupoles.
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Chapter 4

Ion optics of the Eindhoven
microprobe
In chapter 9 the aberration coefficients of a single magnetic quadrupole are calculated. In this chapter the aberration coefficients of a complete microprobe system
are described. In principle different methods can be used to produce a microbeam
with micrometer dimensions. The aberration coefficients of a complete system can
be calculated with different methods. These methods are either analytical matrix
multiplication methods or raytracing methods. These methods are briefly discussed
in section 4.1 together with the computer codes used to calculate the aberration
coefficients.
Nowadays microprobes consisting of two, three or four magnetic quadrupoles
are the most popular types. In section 4.2 an example is given from literature of a
doublet, triplet and quadruplet system together with the geometrical and ion-optical
parameters.
In section 4.9 the intrinsic aberrations of the Eindhoven microprobe are discussed. Three different quadrupole configurations (settings) are described. The
first, second and third order intrinsic aberration coefficients are calculated with
the two different quadrupole models described in chapter 9 and compared with the
aberration coefficients calculated with numerical raytracing. The aberration coefficients are also compared with the measured aberration coefficients. Not only the
quadrupole setting has to be chosen but also the sizes of the object and aperture
diaphragms must be determined. This is discussed in section ,j.9..,f.
Besides intrinsic aberrations also parasitic aberrations play an important role.
In section 4.4 the quadrupole translation, tilt, rotation and excitation aberrations
are discussed. In general the influence of the parasitic aberrations can be kept low
by a careful alignment procedure. This procedure is discussed in section 4.5.
In section 4.6 a quadrupole and diaphragm setting is presented that gives in
practice the minimum beam size. The results of beam-size measurements are pre-
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sented and compared with the calculations.

4.1

Calculation of aberration coefficients in
microprobe systems

In chapter 3 the first, second and third-order aberration coefficients are derived for
single magnetic quadrupoles. According to eq. (3.9), the aberration coefficients of
a complete microprobe system can be calculated by matrix multiplication of the
different components in the system. How to perform the matrix multiplication
up to third order is described in [Gri 82]. For a quadruplet system there are
nine different components namely four quadrupoles and five drift lengths. The
magnetic field of a quadrupole can be described by an effective field that can be
represented by one matrix or a combination of an entrance fringe field, a uniform
field and an exit fringe field that can be represented by three matrices.
Another approach to calculate aberration coefficients of an ion-optical system is
the use of raytrace programs. A raytrace program numerically solves the equations
of motion and calculates the path of a particle through the ion-optical system. To
be able to calculate the aberration coefficients of an ion-optical system a well defined set of particles with different start coordinates is used. The raytrace program
calculates the path of the particles and the end coordinates of every single particle.
The begin and end coordinates of every particle are now known and fitting with
a polynomial leads to the aberration coefficients. A detailed description of the
raytrace method can be found in [Gri 84].
To perform matrix multiplication or raytracing different computer programs
can be used. The programs used to calculate the aberration coefficients and the
beam transport for the Eindhoven microprobe are now briefly discussed.
TRANSPORT
A commonly used computer program to design beam transport systems is TRANSPORT [Bro 80]. This program can perform first-order and second-order matrix multiplication with the possibility to vary some physical parameters like the
quadrupole pole-tip field in order to fit selected matrix elements. In TRANSPORT
a system can consist of drift lengths, dipoles, quadrupoles, sextupoles, solenoids
etc. The beam is described with the ellipse formalism [Ban 66] what means that no
diaphragms can be used in the ion-optical system. The aberration coefficients of
a quadrupole are those of the effective field model. In the program no quadrupole
fringe fields can be used and no multipole components can be included in the
quadrupole field. The program has extensive possibilities to include quadrupole
misalignments. During the years extra features are added to TRANSPORT like
the possibility to calculate third-order aberration coefficients using the effective
field model. It is not possible to perform a third-order fit. For microprobe pur-
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poses the program can be used to calculate the aberration coefficients for the total
system. Since it is not possible to include diaphragms the program is less suited
to perform spot-size calculations.

MICROAC
To be able to use different models of the quadrupole field and to be able to simulate
grid-shadow patterns the third order matrix program MICROAC has been written
in Eindhoven by A.V.G. Mangnus [Man 94]. The program can use different field
models including those discussed in chapter 3. In addition sextupole or octupole
components can be added although at the moment of writing this chapter the
addition is a linear addition of quadrupole aberration coefficients and sextupole
and/or octupole aberration coefficients. It is also possible to introduce all kind of
other parasitic aberrations like excitation errors, tilts, shifts and rotations. The
program calculates single particles through the system and gives as an output
a particle distribution. From this distribution the FWHM (Full Width at Half
Maximum), the FWTM (Fnll Width at tenth of maximum) and FW (Fnll Width)
values are calculated. Additionally, it is possible to simulate grid-shadow patterns
following the theory given in section 3.4.3.
ZGOUBI
The raytrace program used is ZGOUBI [Meo 93]. Generally, the advantage of
using raytrace programs is the simplicity to include for instance real fringe fields,
higher-order harmonic components and misalignments in the ion-optical system.
Aberration coefficients higher than third order are very difficult to calculate in
the way that is presented in chapter 3. In raytrace programs this is more easily
incorporated. A disadvantage of raytrace programs is that the trajectory of each
separate particle has to be calculated and to acquire a beam intensity distribution
at the end of the system a lot of computer time is required. In this work the
raytraee method is used to compare its aberration coefficients with the analytically
calculated aberration coefficients. An advantage of the use of ZGOUBI is that
electrostatic quadrupoles and combined magnetic and electrostatic quadrupoles
can be used.

4.2

Aberration coefficients of three
micro pro be systems

Before giving a detailed description of the aberration coefficients of the Eindhoven
microprobe three systems from literature are described for comparison with the
Eindhoven system. The three systems are 1. the Heidelberg doublet, 2. the Oxford
triplet and 3. the Melbourne quadruplet. The first system represents a type of
microprobe used in many institutes. The latter two represent the state of the art
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Table 4.1: Geometrical and ion-optical parameters of different types of microprobe systems. Only the important third-order aberration coefficients are
given.
Heidelberg

Oxford

Melbourne

Eindhoven

Accelerator

Tandem

Pelletron

Pelletron

Cyclotron

Proton energy

3

4

3

2.94

unit
MeV

No. of quadr.

2

3

4

4

System length

2.07

6.45

8.605

7.430

m

Quadr. length

4

20

3.8 (outer)

17.5

cm
cm

5.7 (inner)
Aperture radius

0.25

1.5

0.635

2.6

Object distance

1.84

5.56

8.05

5.83

m

Working distance

0.11

0.16

0.24

0.29

m

Pole tip field Q1

0.142

0.157

0.137

Pole tip field Q2

-0.225

-0.157

-0.202

see

T

0.202

table 4.2

T

0.188

Pole tip field Q3

-0.137

Pole tip field Q4

I X>
<vI v >
< x 1os>
< y I ifJS >
<X I (J3 >
<X I (JrjJ2 >
<vI r/J3 >
< v I 021/J >
<X

T

T

-0.200

0.015

-0.050

-0.038

-0.067

-0.050

see

0.0042

-0.0264

0.0144

table 4.3

0.0040

0.0805

0.0177

cm/mrad%

-0.00031

0.0088

-0.0142

cm/mrad3

-0.00016

0.0111

-0.0445

see

cm/mrad3

-0.00011

-0.0438

-0.0210

table 4.4

cm/mrad3

-0.00079

-0.0428

-0.0458

cm/mrad%

cm/mrad3

in microprobe systems. They represent two of a few microprobe systems that can
produce a beam size of smaller than 1 J.tm with enough beam current to perform
PIXE (about 100 pA for a detection limit of 10-100 ppm). In table 4.1 some of
the geometrical and ion-optical parameters are given for the three systems. For
comparison the commonly used Eindhoven system is also given. The Eindhoven
system is discussed in the following of this chapter.
H eidelberg doublet
This microprobe has been constructed at the Max Planck Institut fiir Kernphysik
in Heidelberg in 1977 [Bos 78]. It is a compact microbeam consisting of a small
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doublet. The total system has a length of only 2.07 m. It consists of two small
quadrupoles of 4 cm length with an aperture radius of only 2.5 mm. A property of
doublet systems is the different demagnification in the horizontal and the vertical
direction. The Heidelberg system has a demagnification of 5 horizontally and 26
vertically at an image distance of only 11 cm ([Nob 77], [Bos 77]). A consequence
of these demagnifications is that the quality of the object slit is very important
when aiming at a beam size of a few J-tm. To prevent slit scattering a special
slit system was designed ([Nob 75] and chapter 2). A possible disadvantage of
using quadrupoles with a small gap is the importance of construction errors resulting in higher-order harmonic components in the magnetic field. The obtained
beam size was 2 x 2 pm 2 at a current density of 20 pA/11-m 2 . Similar systems
are developed in other institutes following the success of the Heidelberg group
([Doy 82],[Hec 81],[Vis 82],[San 84],[Koy 84]).
Oxford triplet

This microprobe is located in the department of nuclear physics of the university
of Oxford. A detailed survey of possible quadrupole configurations [Gri 84], lead
to the use of an asymmetric triplet system with large demagnifications (about 68
horizontally and 15 vertically). The size of the gap of the quadrupoles is about 3
cm and this is much larger than the gap of the Heidelberg quadrupoles. Using large
demagnifications also means that high intrinsic aberrations are present that have
to be reduced by reducing the divergence of the beam. The advantage of using
large demagnifications is that the object slit size can be relatively large (60 x 15
11-m 2). The Oxford microprobe was the first that obtained a beam size of 1 11-m with
enough beam current to perform PIXE experiments (about 80 pA). By detailed
calculations oflens aberrations [Gri 82], careful design of new quadrupoles, a new
setting up of the total system and by using a dedicated Pelletron accelerator the
Oxford group now achieves the state of the art microprobe with a beam size of 0.3
11-m at 100 pA beam current [Gri 93].
Melbourne quadruplet

This system is located at the school of physics of the university of Melbourne. The
lens system of the Melbourne microprobe is configured as a Russian quadruplet.
A Russian quadruplet has the first and last quadrupoles as well as the middle
two quadrupoles electrically coupled. The quadrupoles are put in a CDCD configuration (C: horizontally converging quadrupole and D: horizontally diverging
quadrupole). It is called a Russian quadruplet because the first-order properties were examined by Dymnikov et al. [Dym 65b]. In the Melbourne system the
length of the outer lenses is half of the length of the inner lenses. The system has
a relatively long working distance and relatively high demagnifications leading to
an object diaphragm size of 10-100 pm. It now achieves beam sizes less than 1
J-tm with a beam current high enough to perform PIXE experiments. The system
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is also applied for STIM and tomography analysis. With these experiments the
beam current can be very low giving the possibility to decrease the beam size. The
Melbourne system has obtained a beam size as low as 50 nm [Leg 93].

4.3
4.3.1

Intrinsic aberrations of the Eindhoven
microprobe
System choice of the Eindhoven microprobe

A quadruplet microprobe consists of an object diaphragm, a drift length, an aperture diaphragm, four quadrupoles with the necessary drift lengths and an image
drift length. The length of the total system is often determined by space restrictions in the laboratory. The only quadrupoles available for the Eindhoven
microprobe were quadrupoles designed for the beam guidance system of the cyclotron. Generally, such quadruples are not optimally suited for microprobe use.
The dimensions of the used quadrupoles are relatively large but as has been shown
in chapter 3 the multipole contamination is very low. It is shown in this chapter
that such quadrupoles can be used for a microprobe. From first-order ion optics
follows that the largest demagnification can be obtained by minimising the working
distance and maximising the object distance. Taken into account the possibility
to place a scanning magnet, a detector etc. between the last quadrupole and the
target, the distances of the Eindhoven microprobe are those listed in table 2.1.
A quadruplet microprobe system can be made of many different quadrupole
configurations. One of the criteria that can limit the number of possibilities is
the demand that the horizontal and vertical demagnifications are the same. This
demand can be necessary when two-dimensional elemental distributions should be
measured. In the case of one-dimensional distributions other spot shapes can be
used for instance a rectangular spot shape. One of the possible stigmatic quadruplet systems is the so-called Russian quadruplet. In this system the inner two and
outer two quadrupoles are excited with the same, but opposite current. An advantage of a Russian quadruplet is that only two power supplies are needed to focus
the beam and this makes manually focusing of the beam somewhat easier. The
pole-tip fields of the quadrupoles in a configuration are determined by the object
distance, the quadrupole effective lengths, the distances between the quadrupoles,
the working distance etc. For the Eindhoven microprobe two Russian quadruplets
are possible given the distances and quadrupoles used (see table 2.1). The first
system is called 'setting 2' in the following of this chapter. It is a strong Russian
quadruplet with' a demagnification of about 20. The second system is a weak
Russian quadruplet ('setting 3') with a demagnification of about 6. Of coarse,
the direction of the magnetic fields of the quadrupoles can be reversed without
influencing the first-order properties of the two systems.
The Eindhoven system has the possibility that the object size in the horizontal
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and vertical direction can be chosen independently. To obtain a symmetric spot
the demagnifications need not be the same in the two directions. This means
that the quadruplet can have an asymmetric setting with independent excitations.
The only systematic survey of the properties of different lens configurations has
been performed by Grime and Watt [Gri 84]. They studied doublet, triplet and
quadruplet configurations with the restriction that triplets and quadruplets have
some kind of symmetry. In the case of triplets two lenses have identical strengths
and in the case of quadruplets two pairs of lenses have the same strength. Until
this moment no systematic survey of asymmetric quadruplets has been performed.
As is shown in the following of this chapter an asymmetric quadruplet will give
better results than Russian quadruplets in the Eindhoven situation. This does not
mean that this asymmetric quadruplet is the optimum situation but it does mean
that until this moment no better setting has been found taken into account the
used quadrupoles, the brightness of the cyclotron and the beam energy spread of
the cyclotron. The used asymmetric quadruplet ('setting 1') has a demagnification
of about 35 in one direction and about 165 in the other direction.
The values of the pole-tip fields of the four quadrupoles of the quadruplet are
given in table 4.2 for 2.94 MeV protons. This energy is chosen since it is the
energy used in practice. In this way, the calculated aberration coefficients can be
compared with the measured aberration coefficients later in this chapter.
Table 4.2: The values of the magnetic field of the quadrupoles for three different
quadrupole settings. The values of the magnetic pole-tip field are for 2.94 Me V
protons and are given in T.

4.3.2

setting 1

setting 2

setting 3

quadrupole 1

-0.290000

0.372774

0.041985

quadrupole 2

-0.018000

-0.184289

-0.096510

quadrupole 3

0.134466

0.184289

0.096510

quadrupole 4

-0.185165

-0.372774

-0.041985

First, second and third-order aberration
coefficients of the Eindhoven microprobe

The first, second and third order aberration coefficients for the three different
settings discussed in the previous section are given in this section. In chapter 3
two different models are discussed that can be used to describe the magnetic field
of a quadrupole. The first is the effective field model and the second is the fringe
field model. The aberration coefficients in these models are calculated by using
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Table 4.3: Comparison of the first and second order aberration coefficients
for three models for setting 1. The first model is the effective field model and
the second the fringe field model. The aberration coefficients of these models
are calculated with the help of matrix multiplication. The third model uses
numerical raytracing to calculate the aberration coefficients.

coefficient

model1

model2

model3

unit

First Order Aberration Coefficients
<xI x >

-0.0278

-0.0276

-0.0276 ± 0.0005

-

<X I B >

0.0000

0.0000

0.0000 ± 0.0005

cm mrad- 1

< y Iy >

0.0059

0.0060

0.0058 ± 0.0005

-

< y I~>

0.0000

0.0000

0.0000 ± 0.0005

cm mrad- 1

Second Order Aberration Coefficients
0.353

0.358

0.357 ± 0.005

%-1

>

0.212

0.215

0.214 ± 0.005

cm mrad- 1%- 1

<yly6>

-0.145

-0.142

-0.143± 0.002

%-1

< y I ~o >

-0.083

-0.082

-0.082± 0.002

cm mrad- 1%- 1

<X I xo >
< x

1 Bo

matrix multiplication (see section 3.2.1). As is discussed in section 4.1 aberration
coefficients can also be calculated by solving the trajectory equations numerically.
To compare the two quadrupole models and the results of ZGOUBI the first and
second-order aberration coefficients are calculated for setting 1 and are presented in
table 4.3. The first-order aberration coefficients shown in this table are in excellent
agreement. It must be noted that for the fringe field model the quadrupole pole
tip fields have to be adjusted to achieve focusing since there are first order terms
present in the aberration coefficients of the fringe field of the quadrupole (see
table 3.4). The same applies for the raytrace results. The second order aberration
coefficients are again in good agreement.
Comparing the quadrupole models, it can be expected that the third-order
aberration coefficients differ the most. Also, the methods to calculate the aberration coefficients differ the most for the third-order coefficients. The third-order
aberration coefficients in the x-direction are presented in table 4.4. From the comparison between the three models follows that although the difference between the
calculated aberration coefficients of the three models is larger there is still excellent
agreement. This means that for the presented case the three models are equivalent. The same applies for the aberration coefficients in the y-direction. These
results are also valid for the other two settings.
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Table 4.4: Comparison of the third order aberration coefficients of the three
models for setting 1. The first model is the effective field model and the second
model is the fringe field model. The aberration coefficients for these two models
are calculated with the help of matrix multiplication. The aberration coefficients
of the third model are calculated by numerical raytracing.

coefficient

<xI x3 >
< x I x2(J >
< x I x02 >
<xI xy2 >
<xI xyi/J >
<xI xifJ2 >
<xl03>
<X I y2(J >
. <X jOyifJ >
I <X I OI/J2 >

model1 model2
model3
Third Order Aberration Coefficients
-2.52
-2.44
-2.42 ± 0.01
-4.54
-4.38
-4.54 ± 0.01
-2.72
-2.62
-2.73 ± 0.01
-4.45
-4.09
-3.96 ± 0.01
-5.11
-4.69
-4.58 ± 0.01
-1.47
-1.35
-1.31 ± 0.01
-0.543
-0.524
-0.546± 0.01
-2.67
-2.45
-2.39 ± 0.01
-3.07
-2.81
-2.74 ± 0.01
I -0.880 -0.807 -0.785± 0.01

unit
cm- 2
cm- 1mrad- 1
mrad- 2
cm- 2
cm- 1mrad- 1
mrad- 2
cm mrad- 3
cm- 1mrad- 1
mrad- 2
cm mrad- 3

It should be noted that calculating the aberration coefficients from numerical
raytracing sometimes results in large errors in the aberration coefficients.

In the following the first, second and third order aberration coefficients are
given for the three settings. The aberration coefficients are calculated from the
effective field model. In table 4.5 the first and second order aberration coefficients
are given for the quadrupole pole-tip fields of table 4.2. Setting 3 with the lowest mean quadrupole pole-tip field has the lowest demagnification (about 6) and
the lowest chromatic aberration terms. Setting 2, which has the highest mean
quadrupole pole-tip field does not have the highest demagnification (about 20)
but has the highest chromatic aberration terms. Setting 1 has the highest demagnification (about 36 horizontally and 169 vertically) but does not have the highest
chromatic aberration coefficients.
In table 4.6 the third-order aberration coefficients for the x and the y-direction
are given for the three settings. In this table it can be seen that setting 3 has the
lowest third-order aberration coefficients. The third-order aberration coefficients
of setting 1 and setting 2 are of the same order of magnitude.
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Table 4.5: First and second order aberration coefficients for the three different
quadrupole settings with the effective field model.

coefficient

setting 1

setting 2

setting 3

unit

First Order Aberration Coefficients

<xI x>
< Y I y>

-2.78·10- 2

5.10·10- 2

-1.62·10- 1

5.91·10- 3

5.10·10- 2

-1.62·10- 1

-

Second Order Aberration Coefficients

<xI x6 >
<X I (){) >
< Y I yo >
< y I tPO >
4.3.3

3.53·10- 1

-7.42·10- 1

1.47-lo- 2

%-1

2.12·10- 1

-4.27·10- 1

1.01·10- 2

cm mrad- 1%- 1

-1.45·10- 1

-3.81-lo- 1

2.75·10- 2

%-1

-8.34·10- 2

-2.27·10- 1

1.71·10- 2

cm mrad- 1%- 1

Comparison of measured and calculated aberration
coefficients

The numerical raytrace program ZGOUBI determines the aberration coefficients
by calculating the trajectories of single particles through the ion-optical system.
The method to calculate the aberration coefficients uses a sufficient set of particles with start coordinates x 3 , y 8 , () 8 , tP 8 and 6 and calculates the end coordinates
xe, Ye' Oe, tPe· A polynomial of the desired order is then fitted and the aberration
coefficients calculated. The aberration coefficients can be calculated up to the
desired order. Note that the choice of the set of starting particles can influence
the calculation of the aberration coefficients.
Measurement of aberration coefficients follows the same principles with the difference that now a narrow beam is made by the object and aperture diaphragms.
The problem rises that the start and end coordinates are not known of every individual particle. The most accurate way to determine the aberration coefficients
is measuring the spot displacement as a function of the displacement of the object
or/and the aperture diaphragms. In this way a large number of intrinsic aberration coefficients can be determined. Also parasitic aberration coefficients can be
determined.
As an example consider two particles. The first particle has start coordinates
x 81 , 081 , y31 , tP 81 and the second particle has the start coordinates X 82 , 082 , y82 , tP 82 •
The second particle is displaced a distance d in the x-direction The relation between the start coordinates of the two particles is now given by the relation:

( 4.1)
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Table 4.6: Third order aberration coefficients for the three different quadrupole
settings with the effective field model.

coefficient

< X I ()y4; >
<X I 04;2 >
<xI xtP >
<X I (}{)2 >

setting 1
setting 2
setting 3
unit
Third Order Aberration Coefficients
cm- 2
-8.86·10- 4
-2.52
5.64
cm- 1 mrad- 1
-1.80·10- 3
-4.54
9.73
3
mrad- 2
-1.24·10-2.72
5.60
cm- 2
-4.93·10- 3
-4.45
2.28
cm- 1mrad- 1
-6.11·10- 3
-5.11
2.72
3
mrad- 2
-1.90·10-1.47
0.811
-2.86·10- 4 I cm mrad- 3
-0.543
1.07
cm- 1 mrad- 1
-3.29·10- 3
-2.67
1.31
mrad- 2
-4.08·10- 3
-3.07
1.57
cm mrad- 3
0.467 • -1.27·10- 3
-0.880
3
2
4
%-2
2.38·10-1.15·10-9.68·105
3
2
cm mrad- 1%- 2
-5.76·101.38·10-9.10·10-

<YIY3>
< Y I y24J >
< y I y4J2 >
< y I yx2 >
< y I xfJy >
< Y I fJ2y >
< Y I 4;3 >
< y I x24; >
< y I xfJ4; >
< Y I rPq; >
< Y I y62 >
< y I 4Jo2 >

1.65
2.84
1.63
0.910
1.09
0.327
0.312
0.523
0.627
0.188
3.19·10- 3
1.86·10- 3

<xI x3 >
<xI x 20 >

>
>
<xI xy4; >
< x I x4;2 >

<xI x(J2
<xI xy2

<xl03>
<X I y2() >

1.35
2.42
1.44
2.37
2.72
0.783
0.287
1.41
1.62
0.467
1.55·10- 2
9.20·10- 3

i
i

-5.12·10- 3
-9.48·10- 3
-5.85·10- 3
-4.61·10- 3
-6.11·10- 3
-2.04·10- 3
-1.20·10- 3
-2.86·10- 3
-3.80·10- 3
-1.27·10- 3

•
•

cm- 2
cm- 1 mrad- 1
mrad- 2
cm- 2
cm- 1 mrad- 1
mrad- 2
cm mrad- 3
cm- 1mrad- 1
mrad- 2
cm mrad- 3

-4.32·10- 4

%-2

-2.67·10- 4

cm mrad- 1%- 2
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In this case the particle momentum for the two particles is taken the same.
The difference in the end coordinates of the two particles at the position of the
spot can be written as:

xe 2

-

xel =

+
+
+

+
Ye2 - Yel

=
+
+

< xlx3 > d3 + 3 < xlx 3 > x81 d2 + 3 < xlx 3 > x; 1 d
< xlx 2 B > 081 d2 + 2 < xlx 2 B > B81 x. 1 d
< xlxB 2 > o; 1 d+ < xlxy 2 > y; 1 d
< xlxy</> > y81 </>. 1d+ < xlx</> 2 > <P; 1d
< xlx6 2 > 62d+ < xlxo > od+ < xlx > d,
< YIX 2Y > Ysl d2 + < Ylx 2</> > </> sl d2
2 < ylx2y > xs1Ysld + 2 < yix2</> > xsl<l>sld
< YlxBy > Bs1Ys1d+ < vlxO</> > Osl<l>sld,

(4.2)

where the subscript e refers to the coordinates at the end of the system.
In practice the start and end position of every single particle can not be determined. Instead a pencil beam is made by the object and aperture diaphragms in
the set-up. The displacement D of the position of the spot can be written as:

D1£

=
+
+

< xlx 3 > d3 + 3 < xlx 3 > x 8 d2 + 33 < x!x 3 > x;d
< xlx 2 B > 88 d2 + 2 < xlx 2 B > B.x.d
< xlxB2 > e;d+ < xixy2 > y;d
+ < xlxyq) > Y,<l>.d+ < xlx4> 2 > 4>;d

+ < xlx6 2 > 82 d+ < xlxo > od+ < xlx > d
Ai£d3 + Bi£d2 + C!);d,

(4.3)

Dy = < ylx2y > y,sz+ < ylx24> > 4>.d2
+ 2 < ylx 2 y > v.d + 2 < vlx 2 4> > xs<l>sd
+ < ylx8y > e.v.d+ < yix84> > 88 4>sd
=

Byd2 +Cyd,

x;

where the overline refers to the mean value. Notice that in this formula
f. X 8 2 .
In the case that the object and aperture diaphragms are perfectly aligned with
respect to the z-axis the terms Bx,By and Cy are zero. These terms and the
term Cx are at least constant. The horizontal spot displacement Dx is now fitted
with a third-order polynomial function with respect to the horizontal diaphragm
displacement d. This yields the third-order aberration coefficient < x I x 3 >.
By only displacing the aperture diaphragm the third-order aberration coefficient < x I 83 > can be measured. In a similar way most of the other aberration
coefficients can be measured. The chromatic aberration coefficients can be determined by varying the beam energy of the cyclotron. The used energy shift was
about 100 keV in steps of 25 keV. Aberration coefficients like< xlxy</> > cannot
be determined in this way. The results of the measurements are given in table 4. 7.
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The error in the measured aberration coefficients are fit errors. To compare the
measured aberration coefficients with calculations also the aberration coefficients
of the three models are presented in the table. To be able to calculate the aberration coefficients the magnetic fields of the quadrupoles have to be known. The
gradient of the quadrupoles as a function of the current through the quadrupoles is
presented in fig. 3.8. The error in the determination of the magnetic field gradient
in the quadrupoles results in the errors in the calculated coefficients in table 4.7.
The errors in the numerical raytrace results are these increased by the fit errors.
From the results it can be concluded that the agreement between the measured and
calculated aberration coefficients is for the x-direction very good. The measured
coefficients in the y-direction generally are smaller than the calculated coefficients
probably caused by an inhomogeneous beam intensity distribution across the object diaphragm in the y-direction. It can also be seen that the agreement for the
chromatic aberration coefficients is within the error bars. Note that the possible
presence of fifth-order aberrations results in unknown errors in the measured aberration coefficients and in the aberration coefficients calculated with the raytrace
method.

4.3.4

Optimisation of the object and aperture settings

In general it is very difficult to give rules how to optimise the setting for a quadruplet lens system together with the two slit systems. The first problem is the choice
of the quadrupole setting. The problem can be simplified by introducing a symmetry condition like that of a Russian quadruplet. For the Eindhoven quadruplet
this resulted in two possibilities namely setting 2 and setting 3. If no symmetry
condition is chosen optimisation rules are very difficult to give. For the Eindhoven
quadruplet the best practical results are obtained with an asymmetric quadruplet
namely setting 1. The setting arose from combined calculations and practical trials. When a quadrupole configuration is chosen the problem still has to be solved
how to optimise the object and slit widths. Again, general rules are very difficult
to give. For a first and second order dominated system the spot size is given in
the x-direction by:
(4.4)
In this equation an expression for the maximum spot size is given. In practice
one is interested in the full width at half maximum value of the spot size but this
is not given by this expression. The acceptance A""
x 0 00 is a measure for the
beam current at the end of the set-up if it is not limited by the apertures of the
quadrupoles. The acceptance can be written using eq. (4.4) as:

=

A _ S""x 0

""-

-

(I < xlx > I + I < xlx6 > 61)x5
I< xl06 > 61
·

(4.5)
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Table 4-1: Comparison between the measured second and third order aberration
coefficients and calculated aberration coefficients. The calculated aberration
coefficients are determined with the effective field model and the fringe field
model and by numerical raytracing {nd=not determined).
aberration

measure-

effective

fringe field

coefficient

rnent

field model

model

<xI x8 >
<X I (}8 >
< v I ye>
< y I tjJS >

3.25±0.02

3.5±0.2

3.6±0.2

(x0.1)%- 1

1.92±0.02

2.1±0.1

2.1±0.1

mm rnrad- 1 %- 1

-1.43±0.02

-1.45±0.03

-1.42±0.03

(x0.1)%- 1

-0.83±0.02

-0.83±0.02

-0.81±0.02

mm rnrad- 1 %- 1

-2.2±0.1

-2.5±0.4

-2.4±0.4

-2.4±0.4

-4.3±0.2

-4.5±0.7

-4.4±0.6

-4.5±0.9

ern - 1 rnrad- 1

-2.3±0.2

-2.7±0.4

-2.6±0.4

-2.7±0.5

rnrad- 2

-4.8±0.2

-4.4±0.5

-4.1±0.4

-4.0±0.4

nd

-5.1±0.5

-4.7±0.4

-4.6±0.5

crn- 1 rnrad- 1

-1.6±0.2

-1.5±0.2

-1.3±0.1

-1.3±0.1

rnrad- 2

-4.9±0.1

-5.4±0.8

-5.2±0.8

-5.5±0.9

mm rnrad - 3

-2.4±0.2

-2.7±0.3

-2.4±0.2

-2.4±0.2

ern - 1 rnrad - 1

nd

-3.1±0.3

-2.8±0.3

-2.7±0.3

rnrad- 2

-9.5±0.2

-8.8±0.8

-8.0±0.8

-7.9±0.8

1.1±0.1

1.6±0.1

1.5±0.1

1.49±0.09

>
< x I x28 >
<xI x8 2 >
<xI xyz >
< x I xy</J >
< x I x<Pz >
<X I (}3 >
<X I y2(} >
<X I 8yif> >
<X I Bt/>2 >
<xI xa

<yly3>

< v I Y24> >
< Y I y</J2 >
< 'Y I yx2 >
< Y I xy(} >
< Y I 8zy >
< v I 4>3 >
< Y I x 2 <P >
< y I x8<P >
< Y I 824> >

unit

raytrace

,-2

mm
,-2

ern -

1 rnrad- 1

1.7±0.1

2.8±0.2

2.6±0.2

2.5±0.2

0.9±0.1

1.6±0.1

1.5±0.1

1.44±0.09

rnrad- 2

0.7±0.1

0.9±0.1

0.8±0.1

0.8±0.1

crn- 2

nd

1.1±0.1

1.0±0.1

1.0±0.1

crn- 1 rnrad- 1

0.4±0.1

0.33±0.04

0.30±0.04

0.30±0.04

rnrad- 2

2.1±0.1

3.1±0.2

2.8±0.2

2.8±0.2

mm rnrad - 3

0.5±0.1

0.52±0.06

0.48±0.06

0.47±0.06

crn- 1 rnrad- 1

nd

0.62±0.08

0.58±0.07

0.57±0.08

rnrad- 2

2.4±0.1

1.9±0.2

1.7±0.2

1.7±0.2

mm rnrad - 3

Ion optics of the Eindhoven microprobe

93

The optimisation procedure consists of maximising the acceptance for a certain
spot size. This gives for the object diaphragm size :.e 0 :
ie

0

-

s
2(1 < :.e I x >

X

I+ I < x I x8 > 61) ·

(4.6)

The divergence can be calculated by substitution of eq. (4.6) in eq. (4.4). The same
derivation can be applied for the y-direction. The above described method only
gives a rough indication what to expect form a certain quadrupole configuration.
It can not be used to describe the behaviour of such a system exactly.
If the third order aberration coefficients play an important role in the determination of the spot size the situation gets more complex. It is now not possible
to optimise via a simple procedure as described above since the number of third
order terms is about 10 for every direction, the x and y-direction are not independent any more, the spot size cannot be written any more as a simple addition of
aberration terms and maximising the acceptance is mathematically difficult. This
means that third-order spot calculations depend on simulation of spot size and
shape with a computer program such as MICROAC.
To get an idea of the behaviour of the three quadrupole configurations the
acceptance of the microprobe is calculated as a function of the spot size. The
object slit dimensions are estimated by the above describe procedure for a first and
second order dominated spot. The aperture slit width is calculated by adjusting
the slit width in the program MICROAC until the desired third-order spot size
is reached. This is done for the full width spot size and for the full width at half
maximum spot size.
In fig. 4.1 the acceptance of the Eindhoven quadruplet system is given as a
function of the spot size. The spot size is chosen equal for the x and y direction
and the acceptance is the product of the horizontal and vertical acceptance. All
the calculations are done for two values of the beam energy spread. The beam
size at 100 pA can be calculated from fig. 4.1 since the multiplication of brightness
and acceptance gives the beam current in pA.
In fig. 4.2 the beam profile as function of the z-position is plotted for the three
different settings. The object and aperture diaphragm widths are chosen to give
the minimum spot size at 100 pA beam current.
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Figure 4.1: The acceptance of the microprobe as a function of the spot size.
The acceptance is optimised by the procedure described in the text. The three
different settings are discussed in section 4.4.1. The solid line represents the
full width at half maximum and the dotted line represents the full width of the
beam.
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Figure 4.2: Beam envelopes for the three different quadrupole setting. The
object and aperture diaphragm widths are chosen to give the minimum spot
size at 100 pA beam current at a brightness of 0.4 pAjp,m2 /mrarf and a beam
energy spread of 0.3%. The horizontal and vertical scaling in the figure is
different. The horizontal axis is drawn from 5 m from the object diaphragm to
the target T at 7.43 m from the object diaphragm. D is the aperture diaphragm.
The vertical scale is indicated in the figure and is in mm. The vertical position
of the quadrupoles and the diaphragm is just indicative.
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4.3.5
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Influence of aberration coefficients on the spot size
and spot shape

As discussed in section 4.3.4 it is difficult to give general rules about the sizes of
the object and aperture diaphragms. The optimisation in section 4.3.4 is done
for a first and second-order dominated system. In practice third-order aberration
coefficients are becoming more important when the divergence () 0 of the beam
gets larger. To visualise the influence of the aberration coefficients simulations are
performed with quadrupole configuration 1. The simulations have been carried
out with different object and aperture sizes and a beam energy spread of 0.3%.
In fig. 4.3 figures are presented of the spot shape with first, second and third
order aberration coefficients. It can be seen in this figure that the influence of the
third-order aberration coefficients gets larger with increasing aperture diaphragm
width. In fig. 4.3 the intensity scale is logarithmic to show clearly the influence of
the third-order aberration coefficients. Note that the influence of the third-order
aberration coefficients on the full width of the beam is more important than on
the full width at half maximum. This means that optimising the full width at half
maximum does not suffice.

4.3.6

Final choice of configuration

The aim of the Eindhoven microprobe is to make a beam with a size of a few
p,m and a beam current of at least 100 pA. The focusing system consists of four
available quadrupoles from the beam guidance system of the cyclotron.
Results of simulations with the computer code MICROAC show that the fwhm
of the beam is the smallest with setting 1 at a beam current of 100 pA. With a beam
brightness of 0.4 pA/ p,m 2 /mrad 2 the calculated beam size is 3.0 p,m horizontally
and 2.7 p,m vertically fwhm. The full width size of the beam is about 15 x 10
p,m 2 • Comparison with the other systems in table 4.1 shows that the chromatic
aberration coefficients in the x-direction are at least 10 times higher for setting 1.
Also the third-order aberration coefficients are much higher than the aberration
coefficients of the systems in table 4.1. The other two settings always will give
a larger beam-spot size at the same current. For setting 2 this is caused by the
relatively high third-order aberration coefficients and for setting 3 this is caused by
the low first-order aberration coefficients. If one is interested in larger spot sizes
with a larger beam current it is advantageous to use a quadrupole configuration
with lower first order aberration coefficients and lower second and third order
aberration coefficients. In this way it is for instance possible to make a beam size
of 10 x 10 p,m 2 with a beam current of about 5 nA.
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Figure 4.3: Simulated spot shapes of setting 1. The order of the simulation
increases from first in the left-hand column, first and second in the middle
column to first, second and third in the right-hand column. The object and
apertures sizes are 1x1 mm2 - 4x4 mm2 for the first row, 1x1 mm2 - 2x2
mm2 for the second row, 0.05x 0.05 mm2 - 1 x 1 mm2 for the third row and
0.05x 0.05 mm2 -0.2x 0.2 mm2 for the fourth row. The intensity scale is plotted
logarithmic. Note the different scales of the figures in the different rows.
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Parasitic aberrations

In this section the parasitic aberrations are discussed. Parasitic aberrations are
aberrations that are dependent on a misalignment like a translation, rotation, tilt
etc. The parasitic aberration coefficients give an indication of the accuracy of the
alignment of quadrupoles and diaphragms. In practice the effect of parasitic aberrations can be simulated with computer codes like TRANSPORT or MICROAC.
The results of these simulations will give the necessary alignment accuracy of the
set-up. For reference, the spot shape of setting 1 is given in fig. 4.4 with no parasitic aberrations and with an object and aperture size of 0.05x0.05 mm 2 and
0.2x0.2 mm 2 respectively.

!o

;.'i

"
-5

'----~-..J_-~--'

-5

0

x V.m)

5

Figure 4.4: The spot shape of setting 1 with no parasitic abberations and an
object slit size of 0.05 x 0.05 mm2 and an aperture slit size of 0.2 x 0.2 mm2 •

Translation aberrations
A quadrupole can be translated in three directions, the x, y and z-direction. Translations in the z-direction need not to be considered since they can be compensated
by adjusting the magnetic field of the quadrupole. The most important effect of a
translation in the x or y-direction is a displacement of the spot [Lob 70]. In third
order also an enlargement of the spot can be seen [Hec 77]. The effect of a translation is calculated with MICROAC. In table 4.8 the aberration coefficients for the
displacement in the x and y direction are given as a function of the translation U
and V in the x and y direction, respectively.
The third order spot enlargement is calculated by displacing one of the four
quadrupoles and calculating the spot shape. In fig. 4.5 this effect can be seen for
the four quadrupoles of setting 1. The displacement Un of each of the quadrupoles
is 500 J.tm. The spot shape without translation aberrations is shown in fig. 4.4.
Fig. 4.5 shows a displacement of the spot which is according to the results
of table 4.8. A beam spot enlargement can be seen especially for quadrupole 1.
In practice this means that the quadrupoles have to be aligned relative to the
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Table 4.8: Translation aberration coefficients for the translation of the spot in
the x and y-direction as a function of the translation of the n-th quadrupole in
the x-direction (Un) or y-direction (Vn) for setting 1.

coefficient

n=l

n=2

n=3

n=4

unit

<X I un >

-1.67

-0.40

5.32

-2.22

p,mfp,m

<yiVn>

-0.22

0.02

-0.50

1.69
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Figure 4.5: The effect of a translation of one of the quadrupole on the spot size.
This simulation is performed for setting 1 with the object slit at 0.05 X 0.05
mm2 and the aperture slit at 0.2 x 0.2 mm2 • Each quadrupole is translated 500
p,m in the x-direction. The spot displacement is according to the aberration
coefficients in table 4.8.
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Table 4.9: Tilt aberration coefficients for the translation of the spot in the x
and y-direction as a function of the tilt OCn and f3n. an is the rotation around
the y-axis and f3n around the x-axis.

< Y I (Jn >

:::::::2

n=3

n=4

unit

-43

472

-174

JLm/mrad

-3

49

-151

pm/mrad

ion optical axis with an accuracy better than about 100 pm. As is discussed in
chapter 2 the supports of the quadrupoles have the possibility to align quadrupoles
with respect to the ion-optical axis with this accuracy.
Tilt aberrations
A tilt is a rotation about the x or y axis of the quadrupole. A rotation about
the z-axis is called a rotation and is treated in the next part of this section. The
main effect of a tilt aberration is a beam spot displacement. A tilt also causes
second and third-order aberrations [Hec 77] resulting in a beam-spot enlargement.
In table 4.9 the aberration coefficients for tilt aberrations are presented.
From simulations with MICROAC follows that a tilt aberration has the largest
effect on the beam spot size for the first quadrupole. The results of the calculations
show that the tilt around the x-axis influences the beam spot size for tilts larger
than about 0.7 mrad (diaphragm size 0.05 x 0.05 mm 2 and 0.2 x 0.2 mm 2). A
tilt of 1 mrad means that one side of the quadrupole is shifted about 180 pm. The
effects of a translation and a tilt have the same order of magnitude. In fig. 4.6 the
effect of the tilt (Jn is shown for setting 1. The beam spot size is influenced if the
tilt is larger than about 0.7 mrad with this quadrupole and diaphragm setting.
Rotation aberrations
As discussed before a rotation aberration is a rotation around the z-axis. Such an
aberration causes a first-order spot enlargement since the x and y-direction are no
longer independent. From table 4.10 follows that the alignment of the quadrupoles
with respect to the rotation has to be done very accurately. In practice, a micrometer adjustment is present on the support of the quadrupoles (see chapter 2). If
for instance the rotation misalignment in quadrupole 4 is about 1 mrad, the beam
spot enlargement is about 4 pm. If the rotation aberration should be kept smaller
then about 1 pm, the alignment of the quadrupole should be better than 0.2 mrad.
The rotation aberration coefficients are also determined with a similar method as
is described in section 4.3.3. From table 4.10 follows a excellent agreement between
measurements and calculations.
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Figure 4.6: The effect of the tilt aberration f3n on the spot size. The simulation
is done for setting 1 with an object diaphragm of 0.05 X 0.05 mm2 and and
an aperture diaphragm size of 0.2 x 0.2 mm2 • The quadrupole is tilted 7 mrad
around the x-axis.
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Table 4.10: Rotation aberration coefficients of setting 1 for a rotation around
the z-axis. The calculated aberration coefficients are compared with the measured aberration coefficients. nd=not done.

coefficient

calculated

measured

unit

<X I ypl >

0.239±0.005

0.23±0.01

xl0- 2 /mrad

I YP2 >
I YP3 >
I YP4 >
I <jlpl >
<X I <PP2 >
<X I <PP3 >
<X I <jlp4 >
< Y I xp1 >
< Y I il:P2 >
< Y I il:P3 >
< Y I xp4 >
< y I Opl >
< Y I 9p2 >
< y I Op3 >
< y I Op4 >

-'0.12±0.02

nd

xl0- 2 /mrad

4.2±0.1

4.15±0.02

x10- 2 /mrad

-4.3±0.1

-4.26±0.02

xl0- 2 fmrad

0.15±0.03

0.13±0.01

x 10- 2 cmfmrad 2

-0.07±0.01

nd

x 10- 2 cmfmrad2

2.38±0.08

2.34±0.02

X 10- 2 cmjmrad 2

-2.45±0.06

-2.43±0.02

x 10- 2 cmfmrad 2

<X
<X
<X
<X

-0.0556±0.0007 -0.06±0.01

xl0- 2 /mrad

0.024±0.005

nd

xl0- 2 /mrad

-0.84±0.05

-0.85±0.02

xl0- 2 /mrad

0.87±0.04

0.87±0.02

xl0- 2 /mrad

-0.0317±0.0003

-0.03±0.01

x 10- 2 cmfmrad 2

0.014±0.003

nd

x 10- 2 cm/mrad2

-0.51±0.03

-0.50±0.02

x 10- 2 cmfmrad 2

0.52±0.03

0.53±0.02

X 10-

2

cmjmrad 2

•
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Table 4.11: Excitation aberration coefficients for the enlargement of the
spot size as a function of the percentage change en in the magnetic field
of quadrupole n for setting 1. The object and aperture diaphragm sizes are
0.05x 0.05 mm2 and 0.2x 0.2 mm2 , respectively.

coefficient

n=1

n=2

n=3

n=41

unit

<X I {}t;n >
< y I </Jt:n >

126

125

-2633

352

p,m /mrad%

11

2

-111

893

1

p,m /mrad%

Excitation Aberrations
The excitation aberrations are caused by changes in the current through the
quadrupoles. The magnetic field of the quadrupole will change and the beam
will not be focused anymore. The most important effect is that the matrix elements < x I (} > and < y I <P > become unequal zero. The sensitivity of a lens
system for these excitation errors can be expressed in the excitation aberration
coefficients. For setting 1 these aberration coefficients can be found in table 4.11.
The values of these aberration coefficients can be used to calculate the stability
demands of the power supplies of the quadrupoles.
From table 4.11 follows that in the x-direction the spot size is sensitive for
excitation variations in Q3 . If the result of an excitation error is to be kept
smaller than 0.5 p,m the change in the magnetic field should be less than 0.004%
for setting 1.
For a Russian quadruplet the situation can be improved somewhat by using
one power supply for the quadrupole combination 1,4 and 2,3. This will result in
smaller excitation aberration coefficients since the excitation aberration coefficients
for the separate quadrupoles have an opposite sign.
The used stabilised power supplies have a long term stability of better than
0.001% (see chapter 2). Therefore the influence of the excitation aberration coefficients is not present.
Multipole aberrations
The determination of the parasitic sextupole or octupole components in the used
magnetic quadrupoles is discussed in section 3.4.3. The conclusion of these measurements is that the used quadrupoles have a very low multipole contamination.
Simulations with the program MICROAC show that the influence of these multipoles can be neglected down to spot sizes of 1 p,m.
Other parasitic aberrations
Besides the parasitic aberrations discussed in the previous sections a number of
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other parasitic aberrations exist. These aberration are not described with aberration coefficients and the influence on the spot size and shape should be estimated
or simulated. These aberrations are for instance parasitic aberrations caused by
translations or rotations of the object and aperture diaphragms. Translation or
rotation aberrations caused by a time or temperature dependence can be present
but are difficult to measure. Other parasitic aberrations are vibrations of pumps.
Measures to prevent these are discussed in chapter 2. Also rest gas scattering or
slit scattering can play an important role in microprobe operation.

4.5

Alignment procedure

The alignment procedure is very important to minimise parasitic aberrations like
translations, tilts and rotations of quadrupoles. Furthermore a misalignment of
the aperture diaphragm causes the ion-optical axis to change. The alignment
procedure of a microprobe set-up is a tedious and time--consuming procedure that
has to be repeated when changes are made in the set-up like the replacement of
a diaphragm system. The procedure is developed with the help of the procedure
described in [Hof 86). It has to be noted that there is a big difference between an
optical alignment and an ion-optical alignment. The reason is the earth magnetic
field which causes a beam displacement of more than 5 mm in the set-up. Since this
causes large alignment problems an earth magnetic field correction coil is placed
around the first part of the set-up (object diaphragm up to first quadrupole). In
this section only a summary is given of the alignment procedure.
Optical alignment
The first phase is an optical alignment of all the elements in the beam line. This is
done with the help of a laser that is placed behind the switch magnet. By definition
the midpoint of the object diaphragm is one of the reference points. The second
reference point is chosen as the midpoint of the entrance opening of the vacuum
chamber. From these two reference points a third reference point can be derived on
the ceramic scintillator in the target wheel. In this way the ion-optical axis should
be close to the optical axis. A possible rotation of the diaphragms is corrected
by leveling them. By careful alignment it is possible to align every element in the
beam line (see chapter 2) within 0.5 mm from the optical axis.
Ion-optical Alignment
The second phase is an alignment of the elements with the help of the proton
beam. A ceramic scintillating target is used to visualise the beam via the mirror,
microscope and camera on a monitor (see fig. 1.1). It is not necessary to align
the object diaphragm since by definition this is on the ion-optical axis. With the
current through the earth magnetic field correction coil set to the correct value the
object diaphragm is closed as far as possible and the aperture diaphragm is set to
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a size of 0.5 mm. Now the separate jaws can be moved and aligned around the
second reference point on the target. The accuracy of this procedure is about 20
p,m in both direction. Simulations with the program MICROAC show that this is
accurate enough to prevent beam spot enlargement. In advance of the ion-optical
alignment procedure the quadrupoles have to be demagnetised.
Quadrupole Translation Alignment
The next phase is the alignment of the separate quadrupoles. The first step is the
translation alignment. This is done by making a line image of a single quadrupole
on the ceramic target and moving the quadrupole in such a way that the third
reference point is on the line image. This is done for four quadrupoles and in
two directions. The accuracy of the procedure is about 15 p,m. This accuracy
is this high since the magnification of the microscope is about 85 times on the
monitor. The accuracy is high enough to prevent excessive beam spot displacement
or enlargement. An alignment of the third reference point with a line image of a
single quadrupole does not necessarily mean that the translation aberrations are
small since a spot displacement can be also caused by tilt aberrations.
Quadrupole Tilt Alignment
Tilt aberrations can also be investigated by making a line image on the target. By
changing the excitation of the quadrupole the beam is defocused and the width of
the line image increases. When the quadrupole has a tilt aberration the width of
the line image from the second reference point to the edge of the image is different
on the left and right side of the reference point [Hof 86]. The tilt alignment
procedure is a very tedious procedure since the alignment has to be done for
four quadrupoles in two directions and interferes with the translation alignment.
Nevertheless, the accuracy of the procedure is about 0.25 mrad horizontally and
0.5 mrad vertically. The quadrupole translation and tilt alignment have to be
repeated in a iterative procedure since they can both cause a shift of the line
image. Simulations with MICROAC show that the accuracies of the tilt and
translation alignment are good enough to prevent beam spot enlargement even for
spot sizes of around 1 p,m.
Quadrupole Rotation Alignment
The last step in the alignment procedure is the rotation alignment. As discussed
before this can be the cause of the most important parasitic aberration. Again, the
first step is making a line image with one quadrupole and comparing it with the line
image of another quadrupole. However, the accuracy of this procedure is not high
enough to eliminate rotation aberrations. A more accurate method is to make an
image with two of the four quadupoles. By defocusing one of the two quadrupoles
the spot size increases. The shape of the image should now be a square since the
spot is dominated by first order effects. If the rotation of the two quadrupoles
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Figure 4. 7: Beam profile measured with the cross-wire.

is different the image is a parallelogram. By carefully changing the rotation of
one of the quadrupoles the influence of the rotation aberrations can be decreased.
The procedure has to be repeated for other combinations of quadrupoles. As
a final step the rotation aberrations are further reduced by making a spot with
the four quadrupoles and rotating one of the quadrupoles while observing the
beam spot size. Rotation aberrations in a multiplet system can be compensated
by rotation of one of the quadrupoles [Gri 84]. The adjustment accuracy of the
rotation mechanism is about 5 Jtrad and this is sufficient to eliminate rotation
aberrations.

4.6

Determination of the beam spot size

The final result of the optimisation of the beam spot size is that quadrupole
configuration 1 is the best setting given the quadrupoles and the beam parameters
used. The object diaphragm size is 0.09x0.4 mm 2 and the aperture diaphragm
is 0.2x0.4 mm 2• The calculated beam size is then about 3.0 x 2.7 Jtm 2 fwhm
with a beam current of about 100 pA at a brightness of 0.4 pA/ Jtm 2 /mrad 2 • The
alignment procedure discussed in section 4.5 is carried out with the result that the
influence of the parasitic aberrations is kept below 1 p,m.
In practice the beam size can be measured with a cross-wire (see chapter 2).
An example of such a measurement is shown in fig. 4. 7. The measured beam
size is about 3.8 x 2.9 p,m 2 with an accuracy of about 0.5 p,m. This result is
not deconvoluted with the the thickness of the wire (2.5 pm). Another method
to determine the beam size is using the edge-scan method. This method is also
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Figure 4.8: Beam profile measured with the edge-scan method. The dotted line
is a fitted error function.

described in chapter 2. The result of such a measurement is shown in fig. 4.8.
The profile is fitted with an error function to be able to calculate the beam size.
The final result of the edge measurement is a beam size of about 4.0 x 2.3 ftm 2 •
The beam size measured with the edge is in the x-direction larger and in the ydirection smaller than the beam size measured with the cross-wire. As can be
seen in the figure the profile in the y-direction can be described accurately with an
error function. The cross-wire measurement gives a larger beam size since it is not
deconvoluted with the thickness of the wire. The profile in the x-direction shows
some deviations from the error function. This can be caused by a non Gaussian
profile of the beam which results in an overestimation of the beam size.
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Chapter 5

Elemental analysis with the
Eindhoven microprobe
In this chapter two biomedical applications of the Eindhoven microprobe are discussed, namely the determination of Pt concentration distributions in rat tumours
and elemental distributions in heart tissue. The former application has been carried out in the old microprobe, and the latter one in the new set-up. In section 5.1.1
a short general description is given of Particle Induced X-ray Emission (PIXE).
To calculate element concentrations the area/ mass density has to be known. In
section 5.1.2 two methods are discussed to determine this local areal mass density.
The limit of detection during micro-PIXE analysis is discussed in section 5.1.3.
The used sample preparation methods are described in section 5.1.4. In section
5.2 the determination of platinum concentration distributions in rat tumours is
described. A biomedical introduction is given in section 5.2.1. The experimental
method to determine Pt with PIXE in biological material is discussed in section
5.2.2. In section 5.2.3 the results of measurements of differently treated rats are
discussed. In section 5.3 an example of a STIM and PIXE/RBS measurement of
heart tissue is given. Conclusions are given in section 5.4.

5.1

Elemental analysis techniques

5.1.1

Particle Induced X-ray Emission

In this section a short description ofPIXE is given. For an extensive description the
excellent book of S.A.E. Johansson and J .L. Camp bell [Joh 88] is recommended.
In PIXE (Particle Induced X-ray Emission) X-rays can be produced from a target
that is bombarded with charged particles of a few MeV. The majority of the PIXE
experiments is done with protons with an energy between 2 and 4 MeV. The
energies of the X-ray quanta are measured with an energy-dispersive detector. In
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the Eindhoven microprobe set-up either a Si(Li) detector or an ultra-LEGe can be
used (see chapter 2). The energies of the X-rays are characteristic for the atom
from which they are emitted. The number of X-rays can be used to calculate the
amount of the corresponding element in the target under investigation.
In this section the description is limited to thin biological samples. In this context thin means that the cross-section for the production ofX-rays does not change
too much by the decreasing proton energy in the sample and that the absorption of
X-rays in the sample is rather small. Whether a sample is considered thin depends
on the matrix elements and on the trace elements of interest. Generally, for X-rays
with an energy below 2 keV the absorption of X-rays is a more important effect
than the decrease in proton energy in the target. A target can only be considered
thin if it has a thickness smaller than a few pm. For higher X-ray energies the
absorption in the sample is less important than the change in cross section. For
X-ray energies of 10-15 keV a sample with a thickness of 2 mg/cm 2 still can be
considered thin. Biomedical samples are mostly ( cryo)microtome sections put on
a thin backing. The thickness of such samples varies but in practice is less than
10 pm and thus can be considered thin. If a sample can not be considered thin
anymore thick target corrections have to be applied. A extensive description of
thick-target PIXE can be found in [Mun 94].
Generally, the thin-target PIXE yield of one of the X-ray lines can be written
as:
(5.1)

with

Ep

X-ray line of element Z, for instance Kat or L.B,
number of particles incident on the target,
proton energy,

NAv

Avogadro constant (mol- 1),

Xz
NP

Mz
p
t

atomic mass of element Z (gfmol),
mass density of the sample (gfcm3 ),
thickness of the sample (cm),
mass concentration of element Z,
X-ray production cross section (cm2 ),
transmission probability of X-rays with energy Exz
through an absorber,
detector efficiency of X-rays with energy Ex z ,
relative detector solid angle.

For K X-rays the production cross section

a-P:ft' can be written in separate terms
I
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as:

(5.2)
with
qion (E )
Z,K
P

ionisation cross-section of the K-shell of element Z (cm 2 ),

Wz,K

fluorescence yield for the K-shell,
branching ratio, this is the fraction of the K X-rays that
appears in the line X z.

bz,X(K)

The production cross-section for L X-rays is more complicated since the L-shell
has three sub-shells. Each of these sub-shells has, for instance, its own ionisation
cross-section and fluorescence yield. The production cross-section is again a multiplication of ionisation cross-section, fluorescence yield and branching ratio but
now Coster-Kronig transitions have to be included:

o-P{,;f(Ll)(Ep) = q~'7h (Ep)wz,Ll bz,X(Ll)'
qr:;,;f(L2)(Ep) = {q~'h(Ep)/f2

+ q~'b(Ep)}wz,L2bZ,X(L2)'

o-P{,;f(L3)(Ep) = {q~,t1(Ep)(ff2ff.3 + ff3

+ /f3')

(5.3)

with

qt.lx(Ep)
Wz,Lx

bz,X(Lx)

ionisation cross-section of sub-shell Lx of element Z (cm2 ),
fluorescence yield for the sub-shell Lx,
branching ratio, this is the fraction of the Lx X-rays that
appears in the line X z,
Coster-Kronig probability for a non-radiative transfer from
the ith to the jih sub-shell in the L-shell,
Coster-Kronig probability for a radiative transition from
sub-shell Ll to L3.

The areal density or the number of atoms per cm 2 of an element Z can be written
as:
(Nt)z

= cz r:Jv pt,
z

(5.4)

with N the volume density of atoms in the target (at/cm3 ).
An extensive discussion of the database for PIXE is given in [Mun 94). The
database contains values for all the quantities quoted in the above formulae. They
are obtained from data of many experiments, from theories and interpolations.
Uncertainties of the quantities are assigned on the basis of the spread between

Elemental analysis with the Eindhoven microprobe

112

published data. An example of a measured PIXE spectrum is given in fig. 5.6. In
this spectrum the characteristic X-ray lines can be clearly seen. The peak areas of
the X-ray lines can be determined with computer codes like HEX [Joh 82] or AXIL
[Mae 86]. To calculate concentrations from peak areas the program PANEUT
has been written by F. Munnik [Mun 94]. In the program PANEUT a database
is included that is used to calculate thin target concentrations and thick target
corrections.
Besides characteristic X-rays also a continues background is visible in fig. 5.6.
The major part of this background is a bremsstrahlungs background due to secondary electrons produced during the irradiation with particles. An extensive
theoretical description ofthe bremsstralungs background is given by [Ish 90]. The
background yield in an energy interval Ex± ~AEd can be written as:
(5.5)
with
(pt)z

areal mass density of a matrix element Z (gfcm 2 ),
differential cross section for the production
bremsstrahlung of element Z (cm 2 /keV fsr),
detector solid angle (sr),

AEd

of

energy interval, for example cbrresponding to the energy
resolution of the detector (keV).

The summation in eq. (5.5) is a summation over all the matrix elements in the
sample. It is assumed that trace elements do not contribute to the background.
Generally, biological samples consist of the matrix elements H ,C ,N and 0. Besides bremsstrahlung the next most important contribution to the background is
caused by compton-scattered 1-rays due to reactions in the sample itself, in the
surroundings of the sample and also by natural background.
The Limit of Detection (LOD or detection limit) is defined as the concentration
for which
Npeak

~ 3~,

(5.6)

with Npeak the number of counts within the fwhm of the peak and Nback the number of counts in the background under the fwhm of the peak. From a combination
of eqs. (5.6), (5.1) and (5.5), the detection limit can be expressed in quantities
from the database and experimental quantities. For a discussion about the detection limit see (Joh 88]. In general, the proton energy to obtain the lowest limit
of detection is between 2 and 4 MeV. In principle PIXE can also be performed
with proton energies between 20 and 60 MeV with about the same detection limit
[Mck 93]. However, experimental background coming from (P,/) reactions can
drastically increase the detection limit. According to Johansson [Joh 92], a particles should have a lower detection limit than protons. However, in the case of
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biomedical targets the sample damage can be very high. The sample damage limits the maximum beam current and increases the obtainable detection limit in a
fixed measurement time. A practical limitation for the Eindhoven microprobe is
the difficulty to produce an a-particle microbeam with high enough intensity. In
practice all PIXE measurements using the Eindhoven microprobe are done with
protons with an energy between 3 and 3.5 MeV.
To be able to calculate the element concentration it is necessary to know the
mass per unit area pt of the sample (eq. (5.1)). In section 5.1.2 two methods are
presented to determine the local areal mass density.

5.1.2

Calibration

A determination of the local areal mass density of the sample or another type
of calibration is necessary to determine the concentration of a trace element.
In this section two methods are discussed. First, Backscattering Spectroscopy
(BS) and Forward scattering spectroscopy (FS) are discussed and second, the
bremsstrahlungs background is employed.
BS/FS Calibration
The local areal mass density can be determined by simultaneous measurement of
the backscattered and forward scattered protons. The BS technique is employed
to determine C, N and 0 and possibly some heavier elements like Ca and P.
Forward scattering is used to determine the H content of the sample. When a
PIXE measurement is combined with a BS and FS measurement the trace elements
can be determined simultaneously with the matrix elements (see chapter 2).
For a thin target the backscattering yield Yf 8 and the forward scattering yield
Yf 8 for a matrix element Z are given by:

with
Np

(Nt)z
(dufdrl)z

number of particles incident on the target,
number of atoms per unit area of matrix element Z
(at/cm 2 ),
(average) differential cross section of element Z for
backscattering or forward scattering (cm 2 /sr),
solid angle for the backscattering or forward scattering detector (sr).

Non-Rutherford cross sections must be applied for 3 MeV protons impinging on
light elements such as H, C, 0 and N. In literature non-Rutherford cross sections
are found for C, Nand 0 at an angle of 147° and for Hat an angle of 45° [Non 92].
The cross sections for these elements are reasonably constant as a function of
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energy in the energy interval 2.7- 3.2 MeV. This means that for samples with a
thickness less than 2 mgfcm 2 average differential cross sections can be applied. The
particle detectors in the experimental set-up are placed at the above mentioned
angles (see chapter 2). For thicker samples the C, 0 and N peaks in the backscatter
spectrum are not separated anymore and another method must be used to calculate
the areal mass density of the matrix elements. In that case the height of the energy
spectrum can be used [Chu 78].
To determine the concentration of a trace element two combined PIXE, BS and
FS measurements should be performed. The first combined measurement is done
using a calibration foil. In our case this is an evaporated AI, Ni or Pt layer on a
backing of polycarbonate (from Nuclepore). The second combined measurement
is done using the unknown sample.
The results of the calibration measurement are the solid angles of the three
detectors. The solid angle of the X-ray detector can be written as:

0

Y(Xcal)

NP,cai(Nt)cal~:f,'i(Ep)Taba(Exc,. 1 )e(Exca,)'

411'-

with
Y(X,a 1)
(Nt)ca 1

(5.8)

PIXE yield of an X-ray line of the calibration element,
areal density of the evaporated layer (atjcm 2 ),

N P,eal

number of particles incident on the target during the calibration measurement.
The solid angles for the BS and FS particle detectors can be written as:

n

BS -

BS
Yea/
du )BS '
N P,eal (N t ) ea/ ( dO
ea/

(5.9)

The trace element concentration can be written as a combination of eq. (5.1)
and (5.7)-(5.9):

c = [Y(Xz)~:f,'i-Tal>a(Excal)e(Exc..t) M ]z
Y(Xeal)ul'z':1Tabs(Exz)e(Exz) Z
yFS M

( H

(du)F$

H dO ea/

yFS(du)FS

ea/

dO H

yBS M (du)BS
+"'
P
P dO ea/ rl
L.i yBS(du)BS
'

p

ea/

dO

(5.10)

P

with P a matrix element measured in backscattering. In this equation, the number
of protons, Np, incident on the target, the number of protons, NP,cal• incident on
the calibration foil as well as the areal density of the calibration foil are eliminated.
If the element under investigation is the same as the calibration element also
the production cross section, the absorber transmission and the X-ray detector
efficiency are canceled. This is valid in the present investigation since Pt is the
element of interest and aPt calibration foil is used (section 5.2).
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Figt:re 5.1: Relation between the thickness of stacked Formvar foils determined
with BS/FS and the bremsstrahlt:ngs backgrot nd between 2 and 5 ke V determined with PIXE.

In the case of thicker samples or lower energy X-rays this simple formula does
not hold since the peaks in the BS and FS spectra are not distinguishable anymore
and a different approach has to be followed and thick-target corrections may be
necessary.
Background Calibration
In a situation where backscattering and forward scattering are not possible, like in
the old microprobe set-up, calibration has to be performed in another way. One
possibility is to employ the bremsstrahlungs background in the X-ray spectrum.
This background can be used as an "internal standard" [Kiv 80]. In our case this
calibration is based on two separate PIXE measurements. The first measurement
is performed with a calibration sample with a well defined concentration of a certain element. From this measurement, the peak-background ratio of the peak area
of the calibration element and the intensity of the bremsstrahlungs background
under the peak of the calibration element can be calculated. The second measurement is the measurement of the unknown sample. In the measured spectrum
the bremsstrahlung background together with the calculated peak-background ratio can now serve as an "internal standard". This can then be used to calculate
the concentration of the trace elements in the unknown sample. An extensive
discussion of this type of calibration can be found in [Vis 85] and [Joh 88].
In general, this calibration method has a number of disadvantages. First, in a
spectrum with many characteristic X-ray peaks the background might be difficult
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to calculate. Second, other sources of background production might be neglected.
If these disadvantages play a role, the matrix thickness is overestimated and this
can lead to too low values of the trace-element concentrations [Vis 85].
To compare the two presented methods, measurements with Formvar foils with
different thicknesses are performed. The Formvar foils are made following the procedure in section 5.1.2. The different thicknesses were made by stacking Formvar
foils on top of each other. Figure 5.1 shows a linear relation between the number
of background counts and the thickness of the Formvar foil in the interval 0 1.2
mg/cm 2 •
Both calibration methods can be employed in the Eindhoven microprobe. The
background calibration method was used in the old microprobe set-up. The BS/FS
calibration method is used in the new microprobe set-up since this method also
gives the concentrations of the matrix elements. This can be of importance for
thick target corrections [Mun 94].

5.1.3

Limit of detection of micro-PIX.E analysis

The majority of the microprobe set-ups use micro-PIXE as an analytical technique.
The limit of detection of PIXE can be calculated using the theory described in
section 5.1.1. Measured limit of detections can be found in for instance [Joh 88].
For K X-rays the limit of detection is about 0.1 ppm for 25 < Z < 40, a beam
charge of 100 JLC, a biological sample with a thickness of 1 mg/cm 2 , a proton
energy of 3 Me V, a typical detector resolution of 150 eV at 5.9 keV and a detector
solid angle of 0.04 sr. The detection limit increases for lower Z elements due to
the increasing background level and increases for higher Z elements due to the
decreasing X-ray production cross sections. The limit of detection for L X-rays
reaches its minimum value at 70 < Z < 85 and is about 2-5 times higher than the
above mentioned value for K X-rays.
The limit of detection is independent of the beam area and so, the same limits
of detection apply for micro-PIXE. It may be useful to note that a 1 ppm detection
limit for a 3 x 3 J.Lm 2 micro beam impinging on a 1 mg/cm 2 carbon target results in
the detection of a trace element with a mass of 10- 16 g. For a realistic estimation
of the limit of detection in a microprobe set-up, the number of pixels has to be
considered. The limit of detection of a certain element is determined by the ratio
of the number of counts in the X-ray peak of that element and the the square root
of the number of counts in the background under the peak (see section 5.1.1). In
fig. 5.2 the limit of detection is shown as a function of the measurement time per
pixel for a beam 'current of 100 pA and 10 nA. The minimum beam sizes at these
currents are 3x3 J.Lm 2 and lOx 10 J.Lm 2 , respectively. The above mentioned limit of
detection is taken as the basis for the calculations. The absolute number of counts
in the peak is not included in the formalism of limit of detection. For microprobe
measurements this might be of importance with a low measurement time per
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Figue 5.2: The limit of detection as a ft:nction of the measuement time
per pixel for K X-mys of elements with Z between 25 and 40 (solid line).
The dashed line shows the concentration for which the statistical error in the
nt:mber of cot:nts in the peak is 20 %. The calcdation is performed with 100
pA (fig. a) and 10 nA (fig. b).

pixel. In fig. 5.2 also the relation between the measurement time per pixel and the
concentration is given for which the statistical error in the number of counts in the
peak is 20 %. Figure 5.2.a shows that for a beam current of 100 pA the limit of
detection is determined by the countrate and not by the peak/ ybackground ratio.
Figure 5.2.b shows that for 10 nA the limit of detection is still determined by the
count rate for low measurement times per pixel.

5.1.4

Sample preparation

In this section the sample preparation procedure is described. In general biological
tissue is collected and rapidly frozen in liquid nitrogen or isopentane. Thin sections
are cut using a (cryo)microtome and freeze dried or dried in air. Two methods are
developed to prepare the sample for microprobe measurements.
Method 1
The first method is described in [Dik 82]. This method has been adapted and
is summarised here. A glass carrier of about 5 x 5 cm 2 is cleaned and put for 12
hours in a 5% solution of soap (Extran from Merck) in water and dried in air. A
polystyrene solution (Styrol 634 from Dow) is made from 7 g polystyrene in 100
ml benzene. The polystyrene contains traces of zinc. The zinc is removed from
the solution of polystyrene in benzene by adsorption on magnesium oxide. To a 20
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microtome section
polystyrene layer

eva orated AI layer

Figtre 5.9: Cross section of a biological specimen between the different layers.

ml solution about 0.5 g magnesium oxide is added and shaken with a whirlymixer
for a few hours. The suspension is filtered off on filtration paper. A polystyrene
support layer is produced by spraying 50 1-11 of the polystyrene solution at the
centre of a rotating glass carrier. The resulting film has a thickness that depends
on the rotation speed of the glass and is about 50 1-1g/cm2 •
A thin layer of aluminum is evaporated onto the polystyrene film. The microtome section is cut, put on the aluminum and dried. Next, a second layer of
polystyrene is sprayed by an airbrush onto the sample. Finally, the sandwich is
removed from the glass by cutting it with a sharp blade to a 4x4 cm 2 square and
putting it in distilled water. After a few minutes the sandwich is separated from
the glass and floats on the surface. The sample can be picked up from the water
and put on a frame of aluminum containing a hole with a diameter of 1-2 cm.
This kind of sample preparation is especially useful for measurements with
high beam currents where the temperature in the centre of an uncovered sample
could become too high and could damage the sample. This is the case with, for
instance, a not-scanning microprobe. In the case of the old microprobe set-up no
scanning was possible. The beam current obtained was about 20 nA or more in
a spot with a diameter of 20 IJm or larger. Temperature calculations have shown
a significant decrease of the maximum temperature in the target [Dik 82]. This is
caused by the fact that aluminum has a large heat conductivity compared to the
biological sample and polystyrene has an emissivity of about 1. A disadvantage of
this method might be contamination in the polystyrene or aluminum layers and
possible contamination during the preparation procedure. The aluminum layer can
also increase the background in the X-ray spectrum because of the (p,r)-reaction
on aluminum. The detection limit of the trace elements in the microtome section
is increased since extra material is added.
This method of sample preparation is used with most of the Pt measurements
discussed in section 5.2.
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Method 2
The second method is based on a thin self supporting Formvar foil. A solution
is made from 10 g Formvar (from Merck) in 200 ml cyclo-hexanon (5% solution).
A cleaned microscope glass is put in the Formvar solution and pulled out with a
constant speed. The thickness of the remaining film depends on this speed. For
the above mentioned solution a speed of 2.4 mm/s produces Formvar films with a
thickness of about 100 pg/ cm 2 • The thickness of the Formvar layer can be varied
by changing the amount of Formvar used in the solution or by changing the speed
of removal of the glass. In this way much thinner foils can be made that are still
strong enough to support a sample.
After the Formvar is dried in air, it is removed from the glass by cutting the
sides with a sharp blade and putting it carefully in distilled water at an angle of
about 45°. The Formvar film is now floating on the water and is picked up with a
a peace of overhead sheet with a hole of about 15 mm. Finally, it has to be dried
in air for about 30 minutes and put in the sample holder (see chapter 2).
A microtome section is cut and put directly on the Formvar film and freezedried or dried in air. No further sample preparation steps are necessary. Since the
sample preparation procedure is not very complicated the rise of contamination
is lower than in method 1. Also the influence of the backing material to the
detection limit is lower since less material is added to the sample. A disadvantage
is that the resulting samples are more fragile than those prepared with method 1.
Compared to the first method, the second method is much faster, mainly caused
by the absence of an aluminum layer that has to be evaporated.
The Formvar samples used in section 5.1.2 are prepared following this procedure.
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Platinum concentration distributions
in rat tumours

As an example of the use of the micro~PIXE technique, in this section experiments
are described using the old microbeam set~up. Parts of this section have been
published elsewhere {Los 87}, {Los 89], {Los 90b}, {Los 90c}, {Los 91a}, [Los 91b},
{Mut 89}, {Mut 90).

5.2.1

Introduction

In this introduction a short description is given of the medical background of one
of the applications of the Eindhoven microprobe: the detection of Pt concentration distributions in rat tumours. The purpose is to present only a introductory
description since the medical part is not a subject for this work. It is extensively described in [Los 90a] and in the references included there. This section is
only intended to support the understanding of the reasons to perform micro-PIXE
experiments.
Tumours present in the peritoneal cavity can generally be treated with surgery.
Widespread dissemination of ovarian cancers and various gastrointestinal malignancies often occurs in the peritoneal cavity after the initial surgical treatment.
An unusual natural course of ovarian cancers is the tendency of confinement to
the peritoneal cavity. Control of the metastatic disease is therefore an important
problem. The traditional way of treatment is with systemic intravenous or oral
therapy. During the last 15 years a theoretical basis has been established that
predicts the pharmacokinetics of drugs administered intraperitoneally (i.p.). The
theoretical aspects of i.p. chemotherapy are described in mathematical models
[Ded 78]. A change in the route of administration from intravenous (i.v.) into intraperitoneal could improve chemotherapy. The purpose of an optimisation of the
treatment is improving the complete remission rate of the cancers restricted to the
peritoneal cavity. The most important advantage of intraperitoneal chemotherapy
could be that tumours in the peritoneal cavity are subjected to higher doses of
the cytotoxic drug compared to the rest of the body. This could lead to improved
chemotherapy and reduce side effects. Because of these possible advantages better
insight in the processes involved in intraperitoneal chemotherapy is needed.
The concentration difference between the peritoneal cavity and the rest of the
body is caused by the rate of movement of the drug from the peritoneal cavity into
the plasma, which is generally slow compared to the total body drug clearance. An
important question is whether i.p. administration leads to higher concentrations
of the drug in the tumours of the peritoneal cavity compared to other methods of
administration. This depends on the capability of the drug to penetrate from the
peritoneal cavity into the tumour. Compared to other factors in i.p. chemotherapy
this aspect is the least well defined. It includes the knowledge of the diffusion rate,
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pharmacokinetics and of the removal of the drug by capillary blood flow.
Cisplatin (Cis-diamminedichloroplatinum(II) or cDDP) is an important cytotoxic drug in the treatment of a variety of cancers. However, serious side effects like
neuro- and nephrotoxicity have limited its therapeutic use [Gol 83]. Therefore, to
improve chemotherapy the route of administration for cDDP can be changed from
intravenous (i.v.) into intraperitoneal (i.p.) in cases of cancers in the peritoneal
cavity. It has been demonstrated [Ded 78] that delivery of cDDP by intraperitoneal administration is not only feasible but the peritoneal cavity is also exposed
to higher drug concentrations than the rest of the body.
An analogue of cisplatin is carboplatin (Diammine(l,l-cyclobutanedicarboxylato)(II) or CBDCA). It has shown an certain activity against ovarian cancer
and it is less nephrotoxic and neurotoxic [Can 85], [Sid 86]. Since it is less toxic
preclinical and clinical studies have been carried out to explore its antitumour
activity and to compare it with cisplatin.
Further improvement might be obtained by combining i.p. cisplatin treatment
with whole-body hyperthermia or regional hyperthermia. The idea behind this
is that an increase in temperature can increase the cell membrane permeability
to drugs, it can improve the membrane transport of drugs and alter the cellular
metabolism [Hah 75],[Hah 83]. It can also lead to increased cytotoxicity. Experimental data showed the improvement of the cytotoxic effect against experimental
animal tumours [Mel 85]. Cisplatin administration and hyperthermia both can
lead to renal failure and might be additive when cisplatin is combined with whole
body hyperthermia [Won 88]. Regional hyperthermia might have an advantage
compared to whole body hyperthermia since hyperthermic sensitisation only occurs in the treatment volume [Los 91b]. Systemic toxicity might be lower after
i.p. cisplatin combined with regional hyperthermia since intraperitoneal cisplatin
gives less systemic toxicity than intravenous (section 5.2.3.1).
For the analysis of bulk samples, techniques like Atomic Absorption Spectroscopy (AAS) and Neutron Activation Analysis (NAA) are generally used. In
some experimental studies PIXE is used to determine Pt concentrations in tissues
[Dik 83] ,[Hie 84]. In general detection of Pt in bulk samples can be done faster with
AAS and/or NAA with at least the same sensitivity compared to PIXE. However,
no data were available about the distribution of Pt in tissue itself. Micro-PIXE is
the only suitable technique that is capable of determining Pt concentration distributions with a detection limit of a few J.lg/ g with a spatial resolution in the order
of J.lm.
The general objective of the work presented here is to investigate the optimal
conditions for i.p. chemotherapy in a rat model and to test the hypothesis that
i.p. chemotherapy might lead to higher drug concentrations in peritoneal tumours
compared to i.v. chemotherapy. The work is a collaboration between the divi-
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sion of experimental therapy of the Netherlands Cancer Institute in Amsterdam
and the Cyclotron Group of the Eindhoven University of Technology. The role of
the cyclotron group in the collaboration was the determination of platinum concentration distributions with micro-PIXE. The responsibility of the biological and
medical part of the work lies at the division of experimental therapy of the Netherlands Cancer Institute. In this work the emphasis is put on the methodology of
the determination of platinum distributions in rat tumours. For this reason only
a survey of the obtained results is given. An extensive discussion of the medical
aspects of the work and the results of the other techniques used can be found in
the published literature mentioned in the beginning of this section.
In this work experiments are described to determine the platinum concentration
distributions in tumours from i.v. and i.p. treated rats. The results of the experiments to determine the difference in the platinum distribution in tumours of i.p.
and i.v. treated rats with cisplatin are described in section 5.2.3.1. The purpose
of the experiments with carboplatin was to determine the platinum concetration
distribution in tumours restricted to the peritoneal cavity after i.p. treatment. In
section 5.2.3.2 only the PIXE results of the study are discussed and some conclusions of the study are given. The platinum distributiona in peritoneal tumours are
studied after intraperitoneal cisplatin treatment alone or combined with regional
hyperthermia. In section 5.2.3.3 only the platinum distributions measured with
micro-PIXE and some results are discussed.
In the following of this section first the experimental method is discussed. The
method to determine platinum in tumours with PIXE and the sample preparation
are described. In section 5.2.3. a survey of some of the results is given.

5.2.2
5.2.2.1

Experimental method
Determination of platinum with PIXE

In the application described in this chapter the determination of platinum plays an
essential role. Following the general description of PIXE, platinum (atomic number
79) is detected via its L X-rays. The production cross sections can be calculated
following eq. (5.3) and are tabulated in table 5.1. In this table the name and
energy of the 21 most intensive L-lines are given together with their production
cross sections and relative intensity ratios. The production cross sections are
calculated with the computer program PANEUT. The ionisation cross sections,
the Coster-Kronig transitions, the fluorescence yields and the branching ratios in
this program are discussed in [Mun 94]. Generally, errors in these quantities are
difficult to give since the production cross section is a product of these quantities
(eq. (5.3)) and only the production cross section can be measured. The error in a
separate quantity can only be given if use is made of theoretical calculations of the
other quantities. The typical error in the experimentally determined production
cross section for elements with Z around 78 is 10-15 percent [Cam 88]. This

Elemental analysis with the Eindhoven microprobe

123

Table 5.1: Data of the platimm L-lines for 2.94 Me V protons. The prodt:ction
cross-section is calcdated t:sing eq. {5.9) and given in barn. In the last colt:mn
the transmission throtgh an 11 mgjcm2 Ge absorber is given for the different
L-lines.

tra.nsition

spectros-.
copic
name

energy
(keY)

11-M3
11-M2
11-N3
Ll-N2
11-03
11-M5
Ll-M4
L2-M4
L2-N4
12-M1
12-N1
12-04
12-01
12-M3
L3-M5
13-M4
L3-N5
L3-M1
L3-N1
13-01
13-05

1p3
1.84
1')'3
11'2
11'4
Lpg
1810
Lpl
11'1
Ll)
11'5
1,.6
L,s
1!317
Lal
1a2
1.82
Ll
Lp6
1,87
Las

11.231
10.854
13.361
13.270
13.822
11.758
11.676
11.071
12.943
9.975
12.552
13.271
13.173
10.627
9.442
9.362
11.251
8.268
10.842
11.462
11.561

production
cross section
(barn)
1.1 X 10°
9.3 x w- 1
3.1 x w- 1
2.4 x w- 1
9.5 x w- 2
4.6 x w- 2
3.1 x w- 2
1.4 X 10 1
2.8 X 10°
3.8 x w- 1
9.8 x w- 2
2.1 x w- 1
1.9 x w- 2
1.4 x w- 2
3.9 X 10 1
4.4 X 10°
7.5 X 10°
2.1 X 10°
5.3 x w- 1
1.0 x w- 1
7.5 x w- 1
7.4 X 10 1

production
cross section
(%of total)
1.48
1.25
0.41
0.32
0.13
0.06
0.04
18.58
3.82
0.51
0.13
0.36
0.03
0.02
52.09
5.91
10.14
2.88
0.71
0.14
1.01
100

transmission Ge
absorber
0.092
0.717
0.231
0.224
0.264
0.122
0.117
0.730
0.201
0.658
0.174
0.225
0.218
0.703
0.615
0.608
0.093
0.498
0.717
0.104
0.110

error is mainly caused by the charge measurement and the solid angle calibration.
Therefore, the error in the relative intensity ratios is much smaller.
From table 5.1 follow the relative intensity ratios for the L-lines as 11/1=0.037,
12/1=0.234 and 13/1=0.729.
The production cross section for Pt is schema.tically presented in fig. 5.4 for
the different L X-ray lines. In this figure it can be seen that 5 major groups
of lines can be distinguished. These groups are marked with their spectroscopic
name: 1 1, La, 1 11 , 1 11 and 11'. From table 5.1 the relative intensity ratios of these
groups of lines can be calculated and are LdL=0.029, La/1=0.580, 1,/1=0.005,

124

Elemental analysis with the Eindhoven microprobe

I

I

I

I

La

LP
10

..........

c

1

.. . .

1-

0
..0
..__,

...

- .
~

~

-

~

~

~

~

.

-

---.

L

Ll

r ..

..

1!0
f-

"C

::

Q.

~

10° -

N

-

b

L

'11

I

I

9

10
11
12
X-ray energy (keV)

I

I

13

Figue 5.4: Graphical representation of the platint:m prodt ction cross-sections
for the different L X-ray lines of Pt. In the figtre only the most intense
lines are given. In the spectnm 5 spectroscopic grot ps can be distingdshed
namely Lz, La, L 11 , Lp and L7 • For detailed information see table 5.1. The
transmission Tabs of a germanit m absorber of 11 mgjcm2 is represented by
the dotted line.
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Lp/L=0.334 and L..JL=0.052.
While measuring Pt in biological samples, spectroscopic interferences occur.
In most biological samples Zn is present and an interference occurs between the
Pt-L 0 complex and the Zn-Kp lines. Since the concentration of Zn in biological
samples is much higher than the expected amount of Pt, the Pt-L" lines cannot
be used. Spectral interference can also occur between the Pt-L 13 and Se-K 0 lines.
A germanium absorber is used exploiting its absorption edge at 11.103 keV (see
fig. 5.4) to resolve the Pt-L13 peak from the Se-K0 peak. An 11 mg/cm 2 Ge
absorber suppresses the Se-K 0 line and also the Pt-L132 line at 11.251 keV. The
Pt-L.6 1 line at 11.071 keV is maintained. The transmissions of the Se-K 0 line
through the Ge absorber is about 9%. The transmission of the Pt-lines are PtL0
61%, Pt-L13
49% and Pt-L-r
80% (see table 5.1). The preparation
of the absorber and the optimisation of its thickness are described in [Dik 85]. A
disadvantage of using aGe absorber is the possibility of Ge X-rays in the spectrum
caused by secondary fluorescence or backscattered protons in the direction of the
detector. If the resolution of the detector is good enough the Ge lines can be
partly resolved and no problem is present. If not, measurements show a virtual Pt
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Figue 5.5; Meast:red spectra of a platim m foil. The data in the left figue has
been meastred with a beryllitm absorber of 11.7 mgjcm2 and the data in the
right figue has been mea sued with a germanit m absorber of 11 mg/cm2 • The
acctmdated charge is not the same in both meast:rements.

concentration of about 1 ± 1 pp m in case of the measurements presented in section
5.2.3.
In fig. 5.5 two measured spectra are shown obtained with a PIXE measurement
of a thin evaporated Pt layer. The first spectrum is measured with a Be absorber to
cut away the low energy X-rays. In the region ofS-14 keV the transmission of this
absorber is about 1 and the measured relative intensity ratios are those predicted
by theory. The second spectrum is measured with aGe absorber of 11 mgfcm 2•
This absorber is used with all the Pt measurements described in this chapter.
From the transmission data of the Ge absorber follows that the relative intensity
ratios of the different spectroscopic groups change, but not very drastically. This
change can be seen in fig. 5.5. The shape of the background is also changed and
the step in the background fit in the figure indicates the absorption ed~ of the
Ge absorber.
Finally, a typical spectrum of a rat tumour that is treated with cisplatin is
shown in fig. 5.6. In this spectrum the interference between Zn-K13 and Pt-La- can
be seen. The Se-K"' peak can not be seen since is it at the same position as Pt-L13
and is suppressed by the Ge absorber. In the spectrum Ge is present which arrises
from secondary fluorescence or is induced by scattered protons from the sample.
A Pt detection limit of about 3 J.tg/ g is attainable with about 30 ~-tC beam
charge per pixel in a scan. The beam size during the Pt measurements varied from
a diameter of 20 J.tm to 75 J.tm with a beam current of 20 nA to 90 nA, respectively.
The measurement time per pixel was about 10 minutes with a beam current of
20-50 nA. The diameter of the tumours is about 5 mm. To have an acceptable
measuring time for 15-20 pixels in a line scan, the beam size was chosen around
50 J.tm with a beam intensity of about 50 nA. A line scan takes about 3 hours.
A two-dimension micro-PIXE scan can he performed with a beam size of about
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Figt:re 5.6: Example of a spectn:m of a rat ttmot:r.

75x75 p.m 2 and a beam intensity of 90 nA. The measurement time of a total area
scan takes about 12 hours with a measurement time of 5 minutes per pixel. After
the measurements separate spectra are produced by the data analysis software.
These spectra are fitted with computer codes like HEX or AXIL [Cam 86]. These
programs give as a result the peak areas of the elements present in the samples.
The concentrations can be calculated from the peak area by applying the theory
in sections 5.1.1 and 5.1.2. An example of such an analysis is shown in fig. 5.7.
For comparison also the Fe, Zn and Cu distributions are presented.
5.2.2.2

Rat model

The CC-531 tumour is a well characterised carcinoma that originates in the colon
of rats exposed to methylazoxymethanol [Zed 74]. In vivo, the tumour grows to
form small tumour nodules on peritoneal surfaces and in a final-phase ascites.
Male WAG/Rij rats at an age of 8 12 weeks at the time of the experiment were
obtained from the animal department of the Netherlands Cancer Institute. The
animals were kept under standard conditions i.e. in a temperature controlled room
on a schedule of12 hours light and 12 hours darkness and were fed standard,rat
food and water. These rats were inoculated i.p. with 2x106 CC-531 cells. Four
weeks after inoculation small tumour nodules were present in 80-100% of the rats.
These nodules were present in the peritoneal cavity while distant metastases were
rare [Los 89a]. Treatment was started 28 days after inoculation. The rats were
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Fe concentration

Zn concentration

Cu concentration

Pt concentration

Figt:re 5. 7: Two-dimensional concentration distribdion of Pt, Zn, Fe and Ct:
in a 3 x 3 mm2 rat tt mot:r treated with 2 x 4 mgjkg cisplatin i.p.
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killed with ether 24 or 48 hours after the last injection and tumours and tissues were
collected. The preparation procedure for tumours used for microprobe analysis is
described in section 5.1.2.

5.2.3

Results

5.2.3.1

Distribution of platinum in tumours after intraperitoneal
and intravenous chemotherapy

Introduction
WAG/Rij rats were treated with cDDP i.p. or 1.v. Four weeks after inoculation
with tumour cells the rats received one single dose of 4 mg/kg or three repeated
doses of 4 mg/kg each, with a delay of five days between the different doses.
Tumour tissue was collected 24 hours after single injection and 48 hours after the
last injection of the series of 2 x 4 mg/kg and 3 x 4 mg/kg.
Micro-PIXE results
Thin sections of 40 pm were cut using a microtome. The measurements were performed on a line from the periphery of the tumour to the centre. The sections
were cut at right angles through the peritoneal tumour nodules. The Eindhoven
microprobe was used to determine the platinum concentration distributions. The
beam had a diameter of about 40 pm and a beam current of 40 nA. The measurement time per pixel was 10 minutes and the lateral spacing of the pixels was
500 pm. The measurements were performed in the old microprobe set-up. The
acquired spectra were analysed with the computer code HEX [Joh 82] and the
bremsstrahlungs background was used for calibration (see section 5.1.2).
In fig. 5.8 platinum concentration profiles are shown of i.v. and i.p. treated
rats. The i.v. treated rats received a cisplatin dose dose of 1 x 4 mg/kg, 2 x
4 mg/kg and 3 x 4 mg/kg cisplatin. The i.p. treated rats received a dose of 1
x 4 mg/kg and 3 x 4 mg/kg cisplatin. Each cisplatin dose was given to three
different rats of which in one tumour the platinum concentration distribution was
determined. The error bars in fig. 5.8 represent the standard deviation in the mean
platinum concentration.
The data in fig. 5.8 indicate a big difference between the i.v. and i.p. treated
tumours. The i.p. treated tumours have the highest concentration on the periphery of the tumour. This may be caused by direct diffusion of cisplatin from the
peritoneal cavity. The advantage extends up to about 1.0 mm inward from the
periphery of the tumours. The concentration in the centre of the tumour is about
the same i.v. and i.p. and about linear with the administered dose.
Conclusion and Discussion
After i.v. administration Pt can reach the tumour only by the blood circulation.
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Figt re 5.9: Different rot:tes for the drt:gs to reach the tt:mot:r.

After i.p. administration the tumour can be reached in two ways: by direct diffusion of cisplatin form the peritoneal cavity and by the blood circulation after
cisplatin has reached the blood vessels (see fig. 5.9). From these data a penetration depth of eisplatin could be calculated by subtracting the Pt concentration
distributions after i.v. administration from those after i.p. administration. The
penetration depth after 1 x4 mg/kg i.p. and 3x4 mg/kg lies at 1.0±0.5 mm. These
data indicate that the penetration of cisplatin into tumours is important for the
total Pt concentration in the tumour and that i.p. administration of cisplatin is
more favourable than i. v. administration. This is especially important since the
Pt concentration in normal tissue is lower after i.p. administration [Los 89].

5.2.3.2

Platinum distribution in rat tumours after intraperitoneal treatment with cisplatin and carboplatin

Introduction
In this section the penetration properties of carboplatin in rat tumours are discussed and compared with cisplatin. Again, rats were inoculated i.p. with 2 x
106 CC-531 cells (see section 5.2.2.2). Treatment with cisplatin or carboplatin
was started 28 days after inoculation. Equimolar treatment was carried out with
CDDP (2x4 mg/kg) or CBDCA (2x4.9 mg/kg). Treatment was also carried out
with 24.6 mgfkg CBDCA. The rats were killed 24 hours after the last injection
and the tumours were collected and prepared for analysis.
Micro-PIXE results
To determine platinum distributions sections of about 40 pm were cut with a microtome. After drying, the mass thickness was less than 1 mg/cm 2 . The samples
were prepared following the procedure described in section 5.1.4. The Pt concen-
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Table 5.2: Pt concentrations in peritoneal tt:mous after i.p. administration
of CBDCA and CDDP. The distance is given from the periphery inwards to
the centre. The concentrations are in p,gjg dry tt:motr tisst:e. The limit of
detection (lod} was abot:t 2 ppm dt:ring this measuement. The error in the
concentration is the standard deviation of the three rats t·sed

Distance from
periphery (mm)

2x4.9 mg/kg
CB DCA

24.6 mg/kg
CB DCA

2x4 mg/kg
CDDP (mgfkg)

8±2

0.5
1.0

4±2
3±2
<lod

-

29±4
26±4

7±1

25±3

2.0

-

7±1

-

2.5
3.0

<lod

-

14±2

-

7±2

-

0.1

trations were measured in a line scan from the periphery towards the centre of the
tumours. The beam size was about 40 ~m, the beam current in the order of 40 nA
and the distance between the pixels about 500 ~m. The total measurement time
per point was 15 min. for the CBDCA treated rats and 10 min. for the CDDP
treated rats. The results of the measurements are summarised in table 5.2.
Pt concentrations could be measured for doses higher than 2x4.9 mg/kg CBDCA. For smaller doses Pt could not be detected at all. The error in the concentration is the standard deviation in the mean value of the concentration for 3
rats. In the case of 2 x 4.9 mg/kg CB DCA the measured concentration from 1 mm
inwards was below the detection limit. On the outside, the Pt concentration was
just above the limit of detection. The limit of detection in this situation is about
2 ppm. The error in the absolute concentration can be found by adding an error
of about 30% due to counting statistics and errors in the PIXE database.
The comparison between the equimolar CBDCA and CDDP distribution shows
drastic differences in the Pt concentration. After 2x4.9 mg/kg CBDCA and 2x4
mg/kg CDDP administration much higher concentrations can be seen in the CDDP
treated tumours at the periphery as well as in the centre of the tumour. This
difference of about a factor of 7 in the Pt concentration is confirmed by Pt concentration determination in single cells by AAS [Los 91a]. In the centre of the
CBDCA-treated tumours the Pt concentration was below the 2 ppm detection
· limit. After increasing the CBDCA dose to 24.6 mg/kg the ·Pt concentration in
the centre could be determined but is still below the 2x4 mg/kg CDDP concentration.
Also the Pt distribution pattern is different is these two cases. The CBDCA-
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treated tumours show no concentration gradient while in the CDDP-treated tumours a concentration gradient can be seen with the highest values in the periphery.

Conclusion and Discussion
After equimolar treatment with CDDP and CBDCA the Pt concentrations in
all measured tissues (kidney, lung, liver, spleen and intestines) were significantly
higher in the treatment with CDDP. These bulk measurements were performed
with AAS [Los 91a]. After a CBDCA dose of 24.6 mg/kg the levels were similar
with 5 mg/kg CDDP. From the results presented in section 5.2.3.1 it is clear that
the penetration of CDDP from the peritoneal cavity is very important for the
penetration into peritoneal tumours. The PIXE results presented in this section
together with the results of AAS measurements of other tissues showed a lower
Pt concentration after CBDCA treatment compared to CDDP treatment. The
difference in uptake of CBDCA and CDDP can be explained by the difference in
structure between the two drugs [Ded 86].
The aim of i.p. chemotherapy is the killing of all metastases in the peritoneal
cavity after the initial treatment of the tumour. In section 5.2.3.1 it is shown that
the penetration of the drug into the tumour tissue from the peritoneal cavity is very
important. From the study of which the PIXE results are discussed in this section
it is clear that CBDCA may not be as active as CDDP in i.p. chemotherapy.
5.2.3.3

Concentration distribution differences in rat tumours after
i.p. treatment and i.p. treatment with regional hyperthermia

Introduction
It has been shown in the section 5.2.3.1 that the distribution of platinum for
tumours in the peritoneal cavity can be improved by changing the route of administration from intravenous to intraperitoneal. [Bre 86]. Further improvement
might be obtained by combining i.p. cisplatin treatment with regional hyperthermia. After the procedure described in section 5.2.2.2 cisplatin treatment of the
rats started 28 days after inoculation with CC-531 cells. Rats with peritoneal
tumours were treated with cisplatin (5 mg/kg) alone or in combination with regional hyperthermia. The regional hyperthermia of the rats was carried out by
anesthetising and positioning them in a thermostatically controlled water bath at
41.5°C. The temperature in the peritoneal cavity increased from body temperature (around 38°C) to 41.5°C in about 30-40 minutes. At the desired temperature,
cisplatin was adtninistered i.p. The duration of the heat treatment was 60 minutes. During treatment, i.p. temperatures were monitored in the peritoneal cavity.
Twenty-four hours after treatment the rats were killed with ether and tumours and
liver, kidney, spleen, intestines and lung were collected and prepared for platinum
analysis.
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Figue 5.10: Platim·m distribt tion after i.p chemotherapy and i.p. chemotherapy in combination with hyperthermia.

Micro-PIXE results
Thin sections of the tumours were cut and prepared following the procedure described in section 5.2.3. The tumours were cut in sections with a thickness of
about 40 p.m with a microtome. After drying the mass thickness was less than
1 mg/cm 2 • Platinum concentrations were determined with a proton beam size
of about 40 p.m and the pixels were about 500 p.m apart. A line scan was used
from the periphery of the tumour inwards to the centre. The spectra were again
analyzed with the computer code HEX [Joh 82]. Fig. 5.10 shows the platinum concentration distribution after intraperitoneal treatment of 5 mg/kg and 12 mg/kg
and of 5 mgfkg combined with regional hyperthermia at 4L5°C for 1 hour. The
errors in the figure are the standard deviations of 4 rats used.
It can be seen in fig. 5.10 that for every point measured after a treatment of 5
mg/kg combined with regional hyperthermia the concentrations are much larger
than after a treatment of 5 mg/kg at 37°C. After increasing the platinum dose to
12 mg/kg about the same levels of concentration are obtained compared to the
treatment of 5 mg/kg combined with hyperhermia. No concentration gradient is
visible after the combined treatment compared to the treatment with 12 mg/kg.
This is probably due to a better penetration of cisplatin directly from the peritoneal
cavity.
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Conclusion and discussion
The cytotoxicity of chemotherapeutic drugs is enhanced by hyperthermia but often
also their toxicity. The results of this study show an increase in the tumour
platinum concentration of about a factor 3-4. Bulk measurements with AAS also
showed an increase in the concentration in tumours with a factor 4.1. The spatial
distribution of platinum in tumours indicate a more homogeneous distribution after
the combined treatment compared to i.p. treatment alone. This could indicate
that the penetration depth of 1-2 mm (see section 5.2.3.1) was increased by the heat
treatment. The conclusion of this work is that the combined drug-heat treatment
increased the platinum concentrations in the tumours but also increased the levels
of platinum in the normal tissue and enhanced the toxic side effects of cisplatin
[Los 91b].

5.3

Elemental distributions in rat heart tissue

In this section the possibilities of the new microprobe set-up are demonstrated with
tissue of a rat heart. Individual cells are visualised with STIM. Backscattering
spectroscopy and PIXE are used to determine elemental distributions.

To determine the role of kations in myocardial functioning, the concentrations
of Na, Mg, K, Ca, etc. should be determined on a sub-cellular level. Detailed
knowledge of these concentrations is of importance to understand the specific role
of the ions in the functioning of the heart [Ver 95]. One of the techniques best
suited to determine elemental distributions on this scale is micro-PIXE. In this
section an example is given of the determination of elemental distributions in
heart tissue that shows the usefulness of the microprobe technique. The elemental
distributions were determined in a 90 x 90 p.m 2 area of a section of a rat heart. The
tissue was dissected from the rat heart using an electrically driven, hollow drill
(diameter 1-2 mm) and cut in microtome slices of a few p.m thickness [Ver 95]. The
tissue was stained to make the cell structure visible through a light microscope.
A picture of the area under investigation is shown in fig. 5.11.
To localise the area of interest, with the sample placed in the microprobe setup, a Scanning Transmission Ion Microscopy (STIM) measurement is performed.
During STIM a particle detector is placed under an angle of 0° with respect to the
beam direction. In this way the energy loss in the sample can be determined and its
thickness can be estimated. Since almost each proton is detected, the beam current
can be reduced down to about 1 fA. Reduction of the beam current is accomplished
by reducing the size of the diaphragms, thus decreasing the size of the beam. In
fig. 5.12 a result of a STIM measurement is shown. The beam diameter during
this experiment was about 1 p.m and the number ofpixels 256x256. In fig. 5.12 a
picture of modest energy loss and one with more energy loss is shown, representing
the thinner and thicker parts of the sample, respectively.
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Figue 5.11: Light-microscope photograph of a sample of a rat heart. The area
is abol:t 90x 90 p.m2 • Visible are a f ew cells and their bot ndaries .

512

Figtre 5.12: Two STJM distribttions of the same area as the photograph in
fig. 5.11 . The right-hand figue represents a small energy loss so the thinner
areas are visible. The left-hand figue represents higher energy loss, so the
thicker areas become visible.
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c

1536

Figue 5.13: Backscattering st m-spectnm and distribt tion of the same area
as th e photograph in fig. 5.11. The individt:al cells can be recognised in the
right-hand figue. The nt:mber of pixels is 32x 32. For an explanation see the
text.

To be able to measure elemental distributions with a reasonable limit of detection the beam current has to be at least 50 pA (see section 5.1.3). The corresponding minimal beam size is then about 3 J..lm. In the case of the heart sample a beam
current of about 50 pA was used and 32 x 32 pixels were measured . The measurement was a combined PIXE/BS/FS experiment. In fig. 5.13 the BS spectrum is
shown. In the spectrum the separate peaks of C, N and 0 are visible. The FS
spectrum and distribution are not shown. The number of counts in the separate
element peaks is too low to show the separate distributions. The distribution that
can be seen in fig. 5.13 is a distribution of the summation of the C, Nand 0 counts.
The mean number of counts per pixel is about 80 with a total beam charge of 0.5
j..tC. In heart tissue C, N and 0 account for the largest part of the thickness of the
sample. Therefore, the BS distribution can be regarded as an estimation for the
thickness distribution and can be compared with the STIM result. Comparison of
fig. 5.12 and 5.13 shows that with both methods the individual cells can be recognised . Moreover, the BS method yields quantitative information that is necessary
to calculate concentrations (section 5.1.2) .
During the same measurement PIXE was used to determine elements with
Z > 11. In fig. 5.14 the PIXE spectrum can be seen. Comparison of this spectrum
with spectra coming from heart tissue that are not stained, shows a remarkable
difference . In the stained tissue the elements K and P are almost completely
disappeared. This means that staining should never be used for tissues if an
elemental analysis should be performed. In fig. 5.14, three elemental distributions
are presented namely the Ca, S and Cl distribution. The statistics of the Ca
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Figue 5.14: PIXE stm-spectnm and three element distrib!lions of the same
area as the photograph in fig. 5.11. The top-right figue is the Ca distribt tion,
the bottom-left figue is the Cl distribllion and the bottom-right figue is the S
distribt:tion . The m:mber of pixels again is 32x 32. Individt al cells can still be
recognised in the distrib!lions of the different elements.

distribution is very poor: a mean value of about 40 counts per pixel and a total
charge of 0.5 pC. The statistics in the S and Cl distributions are much better (a
mean value of 550 and 700 counts per pixel, respectively). In the S-distribution
the darkest areas correspond to the darkest areas of fig. 5.11. This accumulation
of S in these areas probably corresponds to proteins.
To draw more conclusions from these measurements, first concentration distribution have to be calculated by the method described in the first part of this
chapter. This experiment, however , has merely been performed to demonstrate
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the potential of the method.

5.4

Conclusion

In this chapter an analytical method has been described to determine trace-element
concentrations in biomedical materials. The method consists of a combination of
PIXE, backscattering and forward scattering. PIXE is used for the determination
of the elements with Z > 11 and the scattering techniques are used to determine
the matrix elements of the sample. This method can now routinely be used in the
new Eindhoven microprobe.
Two examples are given to illustrated the application of the proton microprobe in biomedical research. The first is the quantitative determination of Pt
distributions in rat tumours after i.v. or i.p. chemotherapy. The micro-PIXE results contributed significantly to the understanding of i.v. and i.p. chemotherapy
of tumours restricted to the peritoneal cavity. The Pt measurements were mainly
performed in the old set-up. The second example demonstrates elemental distributions in heart tissue with the new set-up. In this set-up this kind of measurements
can now be done on cellular or even sub-cellular scale.

Chapter 6

Concluding remarks
In section 1 of this chapter the general conclusions of this work are discussed. In
section 6.2. some remarks concerning future work are given.

6.1

Conclusions related to this work

A microprobe set-up has been built that can produce a microbeam with a spot
size of 3 x 3 J.tm 2 with a beam current of 100 pA. The set-up can be used to
measure trace-element distributions with a scanning beam using a combination of
PIXE and scattering techniques. To achieve these results, four main aspects have
been investigated: (i) the ion-optical treatment of aberrations, (ii) the design and
realisation ofthe microprobe set-up, (iii) the data-acquisition system and (iv) the
analytical techniques to determine trace-element distributions. In the following,
these four items are described in more detail.
(i) To understand the focusing properties of a microprobe system the choice is
made to use an analytical description of the aberration coefficients rather
than numerical calculations to determine the spot size. An analytical description offers a deeper insight into these properties but requires a rigorous
derivation of the third-order aberration coefficients of a magnetic quadrupole
including its fringe fields and possible sextupole or octupole components in
the magnetic field. A rigorous derivation of the third-order trajectory equations has been made using the Hamilton formalism. The aberration coefficients have been calculated by solving these trajectory equations. The calculated aberration coefficients are in excellent agreement with the measured
aberration coefficients.
The properties of the quadrupoles used have been determined with the Halleffect probe and the grid-shadow method. The results of these measurements
show that, although the quadrupoles were not specially designed for it, they
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can be used to construct the focusing system of a microprobe since the
higher-order harmonic components are very weak.
The beam size and shape can be calculated with the help of the computer
program MICROAC, that is based on the analytically calculated third-order
aberration coefficients. The program has been used to optimise the configuration of the quadruplet, i.e. to obtain a small beam spot with at least
100 pA beam current. The beam energy spread can be reduced from 0.3
to 0.1 % fwhm by using the dispersive mode of the beam guidance system,
but the brightness is then reduced from 0.4 to 0.1 pA/J.lm 2 fmrad 2 . Simulations and experiments have shown that it is more advantageous to reduce
the divergence of the beam than to use the dispersive mode of the beam
guidance system. In other words, the improvement by reducing the beamenergy spread does not compensate for the reduction in brightness. Using
the dispersive mode can be advantageous in aiming at small beam spots ( <
1 J.lm), where the beam current is not important like in STIM. The optimisation has resulted in a spot with a diameter of 3 Jlm with a current of 100
pA, which is suitable to determine distributions of trace elements.
(ii) The microprobe set-up has been redesigned and rebuilt. The most important change in comparison with the old set-up is the reduction of the parasitic aberrations i.e., reduction of alignment errors of quadrupoles and diaphragms, reduction of vibrations and stabilisation of the power supplies of
the quadrupoles. To be able to perform scanning experiments, a scanning
magnet has been introduced in the beam line. Parasitic aberration coefficients have been calculated and an alignment procedure has been developed
to reduce the parasitic aberrations to a level at which they do not influence
the size of the beam spot.
(iii) To measure trace-element distributions with the new scanning microprobe,
a newly designed data-acquisition system has been designed and built with
the possibility to measure the data in list-mode as a function of the position of the beam on the target. Since the system also had to be used for
other experiments in the cyclotron building, the system is a general-purpose
multi-parameter data-acquisition system. The system is now in operation
and capable of: (a) controlling the experiment and thus the setting of the
quadrupoles and of scanning magnet, (b) performing (coincident) list-mode
experiments, (c) sending the list-mode data to the workstation, (d) storing
the data on disk or tape, (e) monitoring the data on the workstation and (f)
calculating the concentration distributions with off-line analysis software.
Parts (a)-( c) are implemented on PhyDAS and parts (d)-(f) on the workstation. On both systems software has been written to perform the different
tasks. The complete system now works satisfactorily.
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(iv) Besides PIXE, other techniques like backscattering and forward scattering
have been introduced in the new set-up, to be able to determine the concentration of the low-Z elements in biomedical samples. Measurements can
now be performed with PIXE, backscattering and forward scattering with
a scanning beam. An example of an application of the microprobe in the
biomedical field is given, although the majority of this work was carried out
with the old set-up. The micro-PIXE results contributed significantly to the
understanding of i.v. and i.p. chemotherapy of tumours restricted to the
peritoneal cavity. The usefulness of micro-PIXE for biomedical applications
has been illustrated with this example and will only increase with the new
set-up.

6.2

Future work

Several adjustments are possible to further reduce the beam size of the Eindhoven
microprobe. Generally, the minimum spot size in microprobes is limited by chromatic aberrations. The influence of these aberration coefficients can be reduced by
reducing the beam energy spread, the chromatic aberration coefficients themselves
or reducing the divergence of the beam. The beam energy spread is reduced when
the Eindhoven minicydotron ILEC delivers beam to the microprobe set-up. The
chromatic aberration coefficients can be reduced by using quadrupoles which can
be placed closer to each other or by developing achromatic quadrupoles. Experiments with STIM have shown a decrease in the beam size to about 1 p,m with a
beam current of the order of fA. Further reduction of the beam size is probably
limited by parasitic aberrations at the moment.
Sample damage during analysis with a microbeam can occur by the following
mechanisms ([Coo 88]): sputtering, elemental migration, heating and displacement
of atoms. One of the important factors influencing sample damage is the heating
of the sample. The maximum temperature in the sample can be lowered by using a
rapidly scanning microbeam. One way to investigate sample damage is monitoring
the loss of low-Z elements and the total sample mass by backscattering and forward
scattering and, if possible, by PIXE. At present investigations of sample damage
are being carried out.
The new set-up offers a unique way to determine trace-element concentration
distributions at a cellular scale. For biomedical applications in particular, the
present beam size of 3 p,m is very suitable since, in general, cells have larger sizes.
To be able to determine trace-element distributions on an intra-cellular scale a
beam size of 1 p,m or less would reveal more details.
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Appendix A

Scalar and vector potential
of magnetic quadrupoles
In this appendix equations are given for the magnetic scalar potential and the
magnetic vector potential of a pure magnetic quadrupole including its fringe field,
a pure magnetic sextupole and octupole.
Consider a quadrupole with exact fourfold symmetry about the z-axis and thus
take into account the symmetry condition: B.p(r,'l/1) = -B.p(r,'I/J + 1rj2) then in
eq. (3.13) only terms with n = 2, 6, 10, ···are presents. A real quadrupole exists of
a pure quadrupole with a sextupole and/or a octupole components. Generally, the
phase angles of the quadrupole, sextupole and octupole components need not have
the same value. The orientation of the coordinate system of the pure quadrupole
field can be choosen arbitrarily. In the case of a quadrupole a 2 is choosen zero.
For a quadrupole with a sextupole or/and octupole component it is not possible
to set an= 0 for the sextupole or/and octupole component.
To be able to derive the equations of motion until third order the magnetic
scalar potential must be known until the fourth degree in r. This yields:
(A.1)

In general, the central part of the quadrupole (no z-dependence) can be written
as:
00

V=

I:

Vnrnsin(n'l/1).

(A.2)

n=2,6,10,-··

In this equation n=2 represents a pure quadrupole. The higher order 12-pole and
20-pole terms etc. are a result of a not ideal pole shape.
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The magnetic field can be calculated by substitution using eq. (3.16).:
Br = -2
B.p

v2 rsin(2'if,>) +

~vP!) r 3 sin(2'if,>),

= -2 v2 rcos(2'if,>) + ~vP)r3 cos(2'if,>),

Bz = -vP) r 2 sin(2'if,>) +

3
1
1 2 v2( )r4

(A.3)

sin(2,P),

and in cartesian coordinates
Bz
B 11

= -2V y + ~ vp)y(3x + y
= -2V x + ~V2 (2)x(3y + x2),
2

2

2

),

2

(A.4)

2

Bz = -2VJi)xy,

with -2TI2 the gradient g = B 0 fa of the quadrupole with B 0 the pole tip field and
a the aperture radius of the quadrupole.
In the case of a sextupole with exact sixfould symmetry about the z-axis, in
eq. (3.13) only terms with n = 3, 9, 15, ···stay present. In this case n=3 is a pure
sextupole field. Terms with k 2: 1 are the result of the fringe field of the sextupole.
an is the sextupole phase angle. The magnetic scalar potential until fourth degree
lll

r IS:

(A.5)

This can be written as a combination of a straight sextupole and a skew sextupole:
(A.6)

The magnetic field in cylinder coordinates is:
Br = -3V3 r 2 cos(a3 )sin(31f)+3V3 r 2 sin(a 3 )cos(3'1/1),
B.p = -3V3 r 2 cos(a 3 ) cos(3'if,>)- 3V3 r 2 sin(a 3 ) sin(3,P),

Bz

-vJI) r 3 cos(a 3 )sin(3,P) +

(A.7)

vJI) r 3 sin(a3 ) cos(3'!f).

and in cartesian coordinates:
Bx = -V3 cos(a3 )(6a:y) + V3 sin(a3 )(3a: 2 - 31f),
B 11

=V

3

cos( a 3 )(3y2

-

3x 2 ) + V3 sin( a 3 )(6xy),

Bz = -vP) cos(aa)(3x 2 y- yS) + vP) sin(aa)(a:3

(A.8)
-

3xy2 ).

=

For an octupole the magnetic scalar potential only terms with n
4, 12, 20, · · ·
remain in eq. (3.13). In this case n=4 is the pure octupole field. Terms with
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k ~ 1 represent the fringe field of the octupole. The magnetic scalar potential
until fourth degree in r is:
V

V4 r 4 sin( 41f' a 4 )
v4 r 4 cos(a:4)sin(41f')- v4 r 4 sin(a4)cos(41f').

=

(A.9)

The magnetic field in cylinder coordinates is:
Br = -4V4 r 3 cos(a: 4)sin(41f')

+ 4V4 r 3 sin(a: 4)cos(41f'),

Bt/1 = -4"4 r 3 cos(a: 4)cos(41f')- 4V4 r 3 sin(a:4)sin(41f'),

Bz =

(A.lO)

-vP) r 4 cos(a:4)sin(41f') + vP) r 4 sin(a4)cos(41f'),

and in cartesian coordinates

Brc = -V4 cos(a4)(12x 2y- 4y3) + V4 sin(a:4)(4x 3 -12xy2 ),
By = V4 cos( a 4)(12xy2

4x 3 )

-

+ V4 sin( a 4)( 4y3

12x 2 y),

-

(A.ll)

-4VP) cos(a: 4 )(x 3 y- xyS) + v~ 1 ) sin(a:4)(x4- 6x 2y2 + y4).

Bz

The vector potential A can be calculated by from eq. (3.23) The vector potential
for a magnetic quadrupole until fourth degree is in cartesian coordinates:

(A.l2)

The magnetic vector potential for a magnetic sextupole until fourth degree is in
cartesian coordinates:

Arc=

i vP) cos(ag)(3x 2 y2 - y4 ) - i vP) sin(ag)(x3 y- 3xy3 ),

AY =

-k v.jl) cos(a )(3.x y- y3 x) + kVP) sin(a: )(x 4 3

3

Az = V3 cos(a3 )(x3

-

3

3xy2 )

3x 2 y2 ),

(A.l3)

+ ~sin(a: 3 )(3x 2 y- y3 ).

The magnetic vector potential for a magnetic octupole until fourth degree is in
cartesian coordinates:

(A.l4)

AY =0,
Az

= V4 cos(a: )(x 4 4

6x 2 y 2

+ y 4 ) + V4 sin(a 4)(4x 3 y- 4xy3).
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Appendix B

Third-order aberration
coefficients of a quadrupole
with a parasitic sextupole
and octupole component
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Table B.t: The second-order aberration coefficients of a parasitic sextupole
in a quadrupole. The aberration coefficients are calculated for a normal and
skew sextupole. In the table C = cos kmL, S = sin kmL, Ch = cosh kmL,
Sh = sinh kmL

Straight sextupole

<xI x2 >

lk2.
k-2[C- 1- S2]
3 sex m

<xI x8 >

<xly2>

~k:exk;;,3 [(C- 1)S]
2
4
2
lk
3 sex km [2C- 2 + S ]
2
2
2
lk
5 sex km [3(1- C)+ Sh ]

<X I yq; >

~k:exk;;,3 [ShCh- S]

< x I 1;2 >

2
4
2
lk
5 sex km [2(C- 1) + Sh ]

< y I xy >

~k;exk;;, 2 [2SSh - CCh + Ch]

< y I x1; >

~k:exk;;,3 [2SCh- CSh- Sh]

<yly8>

~k;exk;;,3 [3Sh- SCh- 2CSh]

< Y I 81; >

~k;exk;;,4 [2Ch- SSh - 2CCh]

<X 182 >

Skew sextupole

<xI xy >

~k;exk;;, 2 [C(1- Ch)- 2SSh]

< x I x1; >

~k;exk;;-,3 [38- 2SCh- CSh]

<X 181; >

~k;exk;;,4 [2CCh- SSh- 2C]

<X l8y >

~k;exk;;,3 [2CSh- S- SCh]

<yly2>

2
2
2
lk
3 sex km [Ch - 2 + Ch]

< Y I yq; >

~k;exk;;,3 [Sh(Ch- 1)]

< Y I 1;2 >
< y I x2 >
< y I x8 >
< y 182 >

4
2
2
lk
3 sex km [Ch + 1- 2Ch]
2
2 2
lk
5 sex km [C + 2- 3Ch]

~k;exk~3 [SC- Sh]
2
2
4
lk
5 sex km [3- C - 2Ch]
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Table B.2: The third-order aberration coefficients in the x-direction for a
quadrupole with a straight parasitic sextupole component. In the table C =
cos kmL, S =sin kmL, Ch cosh kmL, Sh sinh kmL and>..= kmL.

=

Straight sextupole

<xI xs >
< x I x2() >
<xI x2 6 >
< x I x()2 >
< x I x()6 >
<xI xy2 >
<xI xy</> >
<xI x</>2 >

:Jc; [8(C- 1) + 15-\S
m

3CS2 - 8S2 ]

4

k
[ 23S
~

k2

m

~[>..(S
m

8SC

9S3]

15-\C

+ 2CS)]

ii&t [16(1

C)+ 15-\S

32S2 + 9CS 2]

;h"' [..\C- ,\+CS- S + 2-\S

2

]

1~~~."' [88(1- C)- 70..\S +.40S

2

+ 16Sh 2 -

35CSh 2 + 5SShCh]

[29S- BSC- 21CShCh + 3SSh 2 ]
[16(1 -C)+ 210.\S- 8082 - 48Sh 2

-105CSh 2 + 15SShCh]

<xles>
<X
<X
<X
<X

I ()26 >
I ()y2 >
I ()y<j> >
I ()<j>2 >

k4
~[16SC

S

15.\C + 3S3 ]

~h"'"'[2(C- 1) + .-\S(l C)+ S 2 ]
1 ~~~"~ [70..\C 73S 40SC + 48ShCh- 5CShCh- 35SSh 2 ]
m

3k0:&i

[16(1- C)- 882 + 24Sh 2

3CSh 2 - 21SShCh]

3~~; [49S + BOSC- 210..\C + 96ShCh
m

-15CShCh- 105SSh 2 ]

<xI
<X

>
I y</>6 >
y2o

<xI </>2o

>

k2
~.-\(-38

2ShCh)]

+ ShCh
1) + .-\S + Sh 2 -

:hxm[.-\C- ,\- S

2..\Sh 2 ]

!L; [2(C

>..ShCh]
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Table B.S: The third-order aberration coefficients in the x-direction for a
quadrupole with a skew parasitic sextupole component. In the table C
cos kmL, S sin kmL, Ch =cosh kmL, Sh = sinh kmL and,\= kmL.

Skew sextupole

1 ~~1:"''"' [16SCh- 32CSh- 5C 2 S- 34S + 55.\C]
m

[143C- 55CCh 2 + 65SShCh -176SSh

-88CCh + 210.\S]

<xI
<xI

xyif;

x4;2

>
>

[13SCh 2 - 26S + 32CSh- 8SCh- llCShCh]

3~&r6 [16SSh- 210.\S + 65SShCh + 368CCh
m

-55CCh 2 - 313C]

1 ~~%"'5 [15C 2S- 94S + 55.\C + 56SCh- 32CSh]
<xI xyti > !h~ [-X(3CSh + SCh + S)]
< x I x2() >

< x I xif;ti >
<X I 04;8 >
<X I yOti >
<xI x3 >
< x I x(J2 >
<X

I y2() >

!i; [3S- 3.\C- CSh
m

2SCh + .\SSh + 3.\CChJ

[3..\SCh- 2SSh- 2..\S- .\CSh + 4CCh- 4C]

!iv [-.\CCh + 3>.SSh- SCh + 2CSh +-XC- S]
1 ~~/ll4 [-55-\S + 5C 29C + 48SSh + 24CCh]
1 ~ir; [31C- 15C 16CCh + 48SSh- 55..\S]
3~&tlll~ [338S- 210.\C- 16CSh- 55SCh
3

3

-

-

2

m

+8SCh- 65CShCh]
4

[29C- llSShCh- 13CCh 2 - 16CCh + 32SSh]
[210AC- 64CSh- 298S- 65CShCh

+272SCh- 55SCh 2 ]
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Table B.4: The third-order aberration coefficients in the y-direction for a
quadrupole with a straight parasitic sextupole component. In the table C =
cos kmL, S =sin kmL, Ch =cosh kmL, Sh = sinh kmL and A kmL.

Straight sextupole

s~~f•m [143Ch + 176SSh- 88CCh- 65SCSh
-210..\Sh- 55C 2 Ch]

8~~ta:5 [338Sh- 55C2 Sh + 8CSh- 16SCh
m

-210..\Ch- 65SCCh]

< y I xyO >
< y I xy6 >
< y I x</>8 >
< y I xO<f> >
< y 1 04>6 >
< Y I 024> >

:l,! [32SCh- 26Sh + 13C Sh- BCSh
2

llSCCh]

~t'!f"'[-..\(Sh + CSh + 3SCh)]

!t; [2SCh- Sh
m

[13C2Ch-

CSh + ..\Ch- 3>.SSh- ..\CCh]
USCSh- 29Ch + 16CCh + 32SSh]

:tY [3..\CSh- 2..\Sh- 4CCh + 4Ch- ..\SCh- 2SSh]
8~~a:7 [298Sh- 210..\Ch- 272CSh + 64SCh
m

+55ShC 2 + 65SCCh]

< Y I yoc >
< Y I y02 >

!tv [3..\CCh- 2CSh- 3..\Ch- SCh- ..\SSh + 3Sh]
m

8~~\a:em [16SSh- 210>.Sh + 65SCSh + 55C2Ch
+313Ch- 368CCh]

<YIY3 >
< Y I y2<f> >
< y I y</>2 >

< y 14>3 >

1 ~bf• [5Ch3 - 29Ch- 48SSh + 55..\Sh + 24CCh]
1 ~~1,"'~ [55..\Ch- 94Sh + 15ShCh2 32SCh + 56CSh]
1 ~~\"~ [15Ch3 - 31Ch- 55>.Sh + 48SSh + 16CCh]
[32SCh- 55..\Ch + 5ShCh 2 + 34Sh- 16CSh]
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Table B.5: The third-order aberration coefficients in the y-direction for a
quadrupole with a skew parasitic sextupole component. In the table C =
cos kmL, S = sin kmL, Ch =cosh kmL, Sh = sinh kmL.

Skew sextupole

< Y I q;3 >
< Y I yq;2 >
< y I y2q; >
< Y I yx2 >

;;k~ [3ShCh 2 - 2Sh + 15-ACh- 16ShCh]

:;~; [1Ch + 15-ASh- 32Ch 2 + 16 + 9Ch3 ]
:;~; [14Sh- 8ShCh + 9ShCh 2 - 15-ACh]
1 ~b;~ [112- 40Ch2 + 16C2 + 10-ASh- 35C2Ch
-53Ch- 5SCSh]

<

y

I xyO >

<ylyfP>

:a:~! [26Sh- 8ChSh + 3C 2 Sh- 21CSCh]

3~b~t [105C Ch- 89Ch + 210-ASh + 15SCSh
2

m

+48C 2 + 16- 80Ch 2]

< Y I y28 >

~h· [-.ASh(1 + 2Ch)]

< Y I 4;28 >

~t; [ChSh- Sh- 2.ACh 2 +.A+ .ACh]
~t; [1- 2Ch + Ch 2 +.ASh- .AChSh]

< Y I x28 >

f0tt[.A(3Sh + 2SC)]

< y I x08 >

!hw [.ACh- Sh + SC- 2.AC

< y I ()28 >

!t! [3- C

<yly3>
< y I x24; >

:i~t [8Ch 2 - 16 + 5Ch- 15-ASh + 3Ch3 ]
1 ~hw~ [48SC + 10-ACh- 38Sh- 40ChSh

< Y I y4J8 >

k2m

m

2

-

2

+.A]

2Ch +.ASh- .ASC]

-35C 2 Sh- 5CSCh]

:Jtt [16- 8Ch

2

+ 3C 2 Ch + 13Ch- 24C 2

-

21SCSh]

3~bft [210-ACh- 80ChSh + 15CSCh- 96SC
m

-154Sh + 105C 2 Sh]
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Table B.6: The third-order aberration coefficients in the x-direction for a
quadrupole with a parasitic octupole component. In the table C = cos k'fnL,
S =sin kmL, Ch =cosh kmL 1 Sh = sinh kmL and A= kmL.

Straight octupole

<xI
<xI

>
x2(J >
xa

< x I x0 2 >
<xI xy2 >
<xI xy1; >
<xI x1;2 >
<xl03>

<X I ()y2

>

~[-3.\S- CS2 ]

ak~·
[.\C- S
8km
~kk!p [C S2

.\S]

m

3

sa]

2

!~;t [CSh 2 + SShCh + 2,\S]

~~;g~ [-S + CShCh + SSh 2 ]
~k,l.c1 [CSh 2+ SShCh 2.\S]
!i~7 [3..\C - 3S + S 3 ]
m

~~· [3S- 2.\C- CShCh + SSh 2 ]

<X I ()y1; >

3k;;, [SShCh
4km

<X I ()1;2

~!l' [2.\C- S- CShCh + SSh 2 ]

>

CSh 2]

Skew octupole
<X I y1;2

>
<xI x2y >

<xI x1;0

>

<xI

>
>

xy()

<X I (}21;

<xly3>
<X I y(J2

>
<X 14;3 >

<X

I y24; >

<xI x24; >

[Ch 3

-

2Ch + C]

[2C-3Ch+C2 Ch

2SCSh]

~1:' [-C + SCSh + 2C2 Ch- Ch]
~~;;.m [2C 2Sh Sh + SCCh- 2S]

~~i'A' [-C 2 Sh- 2Sh + S + 2SCCh]
k2

m

~[Ch

3

+ 3Ch

~~i; [2SCSh- C
;£;

k
10

m

[ShCh 2 -

4C]
2

Ch

2Ch + 3C]

4Sh + 3SJ

3k;'f [ShCh 2 + Sh- 2S]
lOkm

~~i'f [C 2 Sh- 3Sh- 2SGCh + 4S]
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Table B. 7: The third-order aberration coefficients in the y-direction for a
quadrupole with a parasitic octupole component. In the table G = cos kmL,
S =sin kmL, Oh= cosh kmL 1 Sh = sinh kmL and.\= kmL.

Straight octupole

<vI v</>2 >
< y I x2y >
< y I x<jJ() >
< y I xy() >
< y I tP<P >
<yllf>

< y I y&2 >

<vI <Ps >
< y I y2<ft >

< y I x2</J >

sk;
••• [Oh- Gh 3 +.ASh]
8km

~kk~3·• [2-ASh +Oh+ SGSh - G 2Gh]

~1;, [Oh- G 2 Gh- SGSh]
~kk;;, [2Sh- SGGh- G 2 Sh]
m.

[2.XCh- 2Sh + G 2 Sh- SGGh]

~[Oh- Gh 3

-

3.XSh]

s:k~• [2-ASh- Oh+ G 2Gh- SGSh]
~[3-AGh- ShGh 2 - 2Sh]
m

[2Sh- ShGh 2

.XGh]

-

[2-AGh+ SGGh- G 2 Sh- 2Sh]
Skew octupole

<ylxs>

[30- 4Gh + 0 3 ]

< y I x2() >
< y I :eez >
< y I xy2 >

~[S
+ SG 2
lOk,.

-

2Sh]

~~i~·m [20- 0

-

Oh]

<vI :ey<ft >
< y I x</>2 >

~1a•' [2SOh 2 - 2Sh- S + GShChJ
~~i~· [GOh 2 + 20 + 2SOhSh- 30h]
k 2 m.
2
Tii'ft"[4S3Sh- se J
m.

<yl03 >

< Y I oy2 >
< y I By</>>
< y I &</>2 >

[2Gh

3

30 + 2SOhSh + 00h 2]

[4Sh + SOh 2

-

38- 2GShOh]

~14~•
[Oh- 2GOh + 0 + SOhSh]
m
2

[SGh 2 + 28- 2GShGh- Sh]

Summary
In this thesis, the design and construction of the Eindhoven scanning microprobe
are described. The aim of the microprobe set-up is to produce a beam with a
diameter of a few p,m with enough beam current to perform micro-PIXE (Particle
Induced X-ray Emission) and scattering experiments. The set-up is mainly used
for the determination of trace elements in biomedical materials. To accomplish
these goals, the old microprobe set-up has been redesigned and reconstructed.
The Eindhoven microprobe is placed behind a Philips AVF-cyclotron. This
is a variable-energy cyclotron with a maximum energy of 30 Me V for protons.
For microprobe applications the used energy is around 3 MeV, since this is the
optimum energy for PIXE experiments. General properties of the cyclotron and
its beam guidance system are described in chapter 1.
In chapter 2 the experimental set-up is presented. The microprobe consists of
an object and an aperture diaphragm that are about 6 m apart, followed by four
magnetic quadrupole lenses. The target is placed in the vacuum chamber with an
X-ray detector for PIXE experiments and particle detectors for backscattering and
forward scattering experiments. Finally, the beam is dumped in a Faraday cup
to measure the beam current. An important property of a scanning microprobe
set-up is the possibility to move the beam rapidly across a sample. The scanning
of the beam is accomplished by a scanning magnet that is placed between the final
quadrupole of the quadruplet and the entrance opening of the vacuum chamber.
This scanning magnet can be used to move the beam in an area of about 4 x 4
mm 2 across the sample. Properties of this scanning magnet are given in chapter 2.
Important parts of a microprobe set-up are the electronics and the data-acquisition
system. Special electronics have been designed and built to stabilise the power
supplies of the four quadrupoles and to control the scanning magnet. A multiparameter data-acquisition system has been built that is capable of acquiring listmode data from three detectors and of labelling these data with the position of
the beam on the target. The data are sent to a workstation where the data are
stored on disk or tape. The data monitoring during the experiment and the off-line
analysis takes place on this workstation too.
The size of the beam spot is generally limited by aberrations in the quadruplet
lens system. The main aberrations are chromatic, parasitic and spherical aberra-
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tions. In chapter 3 the aberration coefficients are calculated up to the third order
for a single magnetic quadrupole. The first step in the calculation of the aberration coefficients is the derivation of the equations of motion for a charged particle
in a quadrupole field. In this thesis these equations of motion are derived using
the Hamilton formalism to offer a deeper insight in the focusing properties of a
quadruplet lens system. The derivation is done for a magnetic quadrupole field
including its fringe fields, parasitic sextupole and octupole components and the
beam-energy spread. These equations of motion are solved and result in the thirdorder aberration coefficients of a magnetic quadrupole. To determine the properties of the quadrupoles used, Hall-effect probe measurements are performed. The
grid-shadow method is used to determine the sextupole and octupole contribution to the magnetic quadrupole fields. The result of the measurements is that the
quadrupoles are well suited for microprobe use since their multipole contamination
is very small, although they were not specially designed for it.
In chapter 4 the aberration coefficients of a complete microprobe system are
described. In principle different methods can be used to calculate them. These
methods are either analytical matrix multiplication methods or raytracing methods. The aberration coefficients are calculated for both methods for the configuration of the Eindhoven microprobe that is normally used. The result of the comparison shows that the methods are in excellent agreement. Most of the aberration
coefficients are also measured and a comparison of the calculations again shows
excellent agreement. The configuration of the four quadrupoles in the quadruplet
is optimised to give the smallest beam spot at 100 pA beam current. This results
in a calculated beam size of about 3x3 ~tm 2 • Enlargement of this spot size is
possible by parasitic aberrations like alignment errors. A number of the parasitic
aberration coefficients have been calculated and an alignment procedure developed
to ensure that they did not influence the spot size too much. In practice, a microbeam can now routinely be made with a size of about 3x3 ~tm 2 and 100 pA
beam current.
In chapter 5 a general description is given of the method used to measure
trace-element concentrations in biomedical samples. The technique used is a combination of PIXE and backscattering and forward scattering. PIXE is used to
detect trace elements with Z > 11 and the scattering techniques are used to determine the local areal mass density of the samples. In this chapter two methods are
described to prepare the samples for microprobe analysis. Finally, two applications
are discussed. First, the determination of platinum concentration distributions in
rat tumours. The emphasis lies on the methodology of the detection of platinum
in biological mat~rial. The micro-PIXE results contributed significantly to the insight into intravenous and intraperitoneal chemotherapy of tumours restricted to
the peritoneal cavity. Second, the possibilities of the new set-up are demonstrated
using a sample of a rat heart. The individual cells can be recognised with STIM
and scattering distributions as well as in PIXE elemental distributions.

,
Samenvatting
In dit proefschrift worden het ontwerp en de realisatie van de Eindhovense scannende microbundel beschreven. Het doel van de microbundelopstelling is het
maken van een bundel met een diameter van enkele p.m met genoeg bundelstroom
om micro-PIXE (Particle Induced X-ray Emission) en verstrooiingsexperimenten
uit te kunnen voeren. De opstelling wordt voornamelijk gebruikt voor het detecteren van spoorelementen in biologische materialen. Om dit te kunnen bereiken
is de oude microbundelopstelling opnieuw ontworpen en herbouwd.
De microbundel in Eindhoven is geplaatst achter een Philips AVF cyclotron.
Dit is een cyclotron met een variabele energie met een maximum van 30 MeV
voor protonen. Voor microbundeltoepassingen ligt de gebruikte energie rond de
3 MeV omdat dit de optimale energie is voor PIXE experimenten. De algemene
eigenschappen van het cyclotron en het bundelgeleidingssysteem worden besproken
in hoofdstuk 1.
In hoofdstuk 2 wordt de experimentele opstelling beschreven. De microbundel bestaat uit een voorwerps- en een apertuurdiafragma, die ongeveer 6 m uit
elkaar liggen, gevolgd door 4 magnetische quadrupoollenzen. Het preparaat wordt
geplaatst in de vacuiimkamer met een rontgen detector voor de PIXE experimenten
en deeltjesdetectoren voor verstrooiingsexperimenten in terug- en voorwaartse
richting. Als laatste wordt de bundel gestopt in een Faraday cup om de bundelstroom te kunnen meten. Een belangrijke eigenschap van een microbundelopstelling met een scannende bundel is de mogelijkheid om de bundel erg snel over
het preparaat te kunnen bewegen. Het scannen van de bundel is gerealiseerd door
een scanmagneet te plaatsen tussen de laatste quadrupool van het quadruplet en
de vacuiimkamer. Deze scanmagneet kan worden gebruikt om de bundel over het
preparaat te bewegen binnen een gebied van ongeveer 4 x 4 mm 2 • De eigenschappen van deze scanmagneet worden besproken in hoofdstuk 2. Belangrijke delen
van de microbundelopstelling zijn de elektronica en het data-acquisitie systeem.
Om de voedingen van de 4 quadrupolen te stabiliseren en om de scanmagneet
aan te kunnen sturen is speciale elektronica ontworpen en gebouwd. Een multiparameter data-acquisitie systeem is gebouwd met de mogelijkheid om list-mode
data van drie detectoren te kunnen verzamelen en deze data te correleren met de
positie van de bundel op het preparaat. Deze data worden verstuurd naar een
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werkstation waar de data warden bewaard op disk of tape. Op dit werkstation
vindt ook het data monitoren en de off-line analyse plaats.
De afmeting van de bundelspot wordt in het algemeen begrensd door the aberraties in het quadruplet lenssysteem. De belangrijkste aberraties zijn de chromatische, parasitaire en sferische aberraties. In hoofdstuk 3 worden de aberraties tot
en met de derde orde berekend voor een magnetische quadrupool. De eerste stap in
de berekening van de aberratiecoefficienten is de afleiding van de bewegingsvergelijkingen voor een geladen deeltje in een quadrupoolveld. In dit proefschrift worden
de bewegingsvergelijkingen afgeleid met behulp van het Hamilton formalisme om
een dieper inzicht te krijgen in de eigenschappen van een quadruplet lenssysteem.
De afleiding wordt gedaan voor een magnetisch quadrupoolveld met daarbij inbegrepen de randvelden, parasitaire sextupool en octupool componenten en de
energiespreiding van de bundel. Deze bewegingsvergelijkingen warden vervalgens
opgelost met als re~ultaat de derde orde aberratiecaefficienten vaar een magnetische quadrupoal. Om de eigenschappen van de gebruikte quadrupolen te kunnen bepalen zijn Hall-effect metingen uitgevoerd. De grid-schaduw methode is
gebruikt om de sextupool en/of de octupool bijdrage in het quadrupoolveld te
kunnen bepalen. Het resultaat van deze metingen is dat de quadrupolen goed
voldoen omdat de multipoolverontreiniging erg gering is, hoewel ze niet speciaal
voor de microbundel ontworpen zijn.
In hoofdstuk 4 warden de aberratiecoefficienten voar de tatale microbundel
beschreven. In principe kunnen verschillende methoden warden gebruikt om ze
te berekenen. Deze methoden zijn ofwel analytische matrixvermenigvuldigingsmethoden ofwel raytrace methoden. De aberratiecoefficienten zijn berekend met
beide methoden voor de normaal gebruikte configuratie van de Eindhovense microbundel. Het resultaat van de vergelijking laat zien dat de beide methoden
erg goed overeenstemmen. De meeste aberratiecoefficienten zijn ook gemeten en
vergelijking met de berekeningen laat weer een erg goede overeenkomst zien. De
configuratie van de vier quadrupolen van het quadruplet is geoptimaliseerd om
de kleinste spotgrootte bij 100 pA bundelstroom te geven. Dit heeft geresulteerd
in een berekende bundelgrootte van 3x3 p,m 2 • Vergroting van deze spotgrootte
is mogelijk door parasitaire aberraties zoals uitlijnfouten. Een aantal parasitaire
aberratiecoefficienten is berekend en een uitlijnprocedure is ontwikkeld om er voor
te zorgen dat ze de spotgrootte niet te veel beinvloeden. In de praktijk kan nu
routinematig een microbundel gemaakt worden met een grootte van ongeveer 3 x 3
p,m 2 en 100 pA bundelstroom.
In hoofdstuk 5 wordt een algemene beschrijving gegeven van de methode om
spoorelementen te meten in biomedische preparaten. De gebruikte techniek is
een combinatie van PIXE en terugwaartse en voorwaartse verstrooiing. PIXE
wordt gebruikt om spoorelementen te detecteren met Z > 11 en de verstrooiingstechnieken worden gebruikt am de locale oppervlaktemassadichtheid van het
preparaat te bepalen. In dit hoofdstuk worden twee methoden besproken om de
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preparaten te maken ten behoeve van een microbundelanalyse. Als laatste worden
twee van de toepassingen van de microbundel besproken. Allereerst, de bepaling
van de concentratieverdelingen van platina in rattetumoren. De nadruk ligt hierbij op de methodologie van de detectie van platina in biologisch materiaal. De
micro-PIXE resultaten hebben significant bijgedragen tot het inzicht van intraveneuze en intraperitoneale chemotherapie van tumoren die zich bevinden in de
buikholte. Als tweede worden de potentitile mogelijkheden van de nieuwe opstelling
gedemonstreerd aan de hand van elementverdelingen in een preparaat van een rattehart. De individuele cellen kunnen worden geidentificeerd in zowel de STIM en
verstrooiingsverdelingen als in de PIXE elementverdelingen.
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