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1. INTRODUCTION

This thesis treats the development of Ion Beam Analysis (IBA) methods, principally
for the analysis of light elements at a nuclear microprobe (NMP). The light elements
are in this context defined as those with an atomic number Z of less than
approximately 13 (aluminium).

The aim of ion beam analysis is to analyze various types of samples by different
methods, each with its own specific properties. Small amounts of certain elements or
isotopes can be measured, samples can be imaged in two or three dimensions and the
depth profile of certain elements can be determined. The equipment employed is
comparatively complicated, but this is outweighed by the fact that the results
achievable with IBA are not attainable with other analytical techniques, such as, for
example, electron microscopy.

The work reported in this thesis is to a large extent based upon multiparameter
methods. Several signals are acquired simultaneously, and the data can be effectively
analyzed to reveal structures that cannot be observed through one-parameter
collection.

In the introductory part a brief overview is given of the analytical methods, the
experimental equipment and areas of application. My ambition has by no means been
to cover the whole field of ion beam analysis in detail, nor even a part thereof.
Instead, this introduction should be regarded as a very general background to the
work presented in the papers, which comprises the bulk of the thesis. However, a
relatively extensive summary and discussion of the experimental equipment for the
simultaneous analysis of several light elements with optimal nuclear reactions,
developed through the work presented in this thesis, is found in section 3.3. The
introductory part is rounded off with some thoughts about the future potential of
IBA, especially for microprobe analysis.



2. ANALYTICAL METHODS

This section contains concise descriptions of a number of analytical methods found,
in particular, at nuclear microprobes.

2.1 Nuclear Reaction Analysis (NRA)

A nuclear reaction has the general form:

a + X=>Y<*) + b + Q,

where a is the accelerated projectile, X is the target of interest and Y and b are the
reaction products. Q is the reaction Q value, b is usually the lightest of the products
and can thus be detected. If Y is in an excited state, also the de-excitation photon can
be used for the analysis. Depending on the reaction product detected, various
methods have been developed for elemental analysis, which will be discussed below.

2.1.1 Particle-Induced Gamma ray Emission (PIGE)

If the de-excitation photon, which has a characteristic energy for the element from
which it originates, is detected, the method is called Particle-Induced Gamma ray
Emission (PIGE). A measurement of the energy of the photons yields information on
the amount of the element in question present in the sample. Most often, the y
photons are detected by a Ge detector. For high energy y photons a large Nal or
BGO detector can be employed. PIGE is a multielemental method that can analyze
several different elements simultaneously. The background for each peak of interest
emanates from compton-scattered photons of higher energy. This background is a
serious problem, especially for samples that contain a large amount of elements
producing y-rays that are not of interest for the analysis. Another source of
background is contaminants close to the beam, from which induced y photons can
reach the detector and be interpreted as coming from the sample.

2.1.2 photon-tagged Nuclear Reaction Analysis (pNRA)

photon-tagged Nuclear Reaction Analysis (pNRA) is a comparatively recently
established technique, developed by P. Kristiansson at the Department of Nuclear
Physics in Lund[l,2]. The excited states of the nuclei are utilized for the analysis, and
the promptly emitted y photon from the de-excitation is detected in coincidence with
the inelastically scattered particle.

In paper III two different set-ups for pNRA are reported. One employs an
annular surface barrier detector (SBD) in the backward direction in coincidence with
two large plastic scintillators at 90°, by which the de-excitation photons were
detected. The other utilizes instead an arrangement with the SBD in the forward
direction, with a single BaF2 scintillator at 90°. The forward position of the SBD was
dictated by problems of interference between boron and phosphorus in the
backward direction.
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Two main parameters are acquired, namely, the pulse height from the surface
barrier detector and the coincidence (flight) time between an event in the SBD and
an event in the gamma detector. The events of interest are defined from the two-
dimensional plot of the two parameters.

2.1.3 Special reactions

PIGE and pNRA are examples of general methods in the sense that virtually all light
elements can be measured simultaneously with the same experimental arrangement.
This is attractive for routine analyses and studies in which all elements of interest are
not known, but for most elements the optimal nuclear reaction for the element in
question is thereby not employed. Especially for the nuclear microprobe, optimal
reactions are needed, as the beam current is small. This requires efficient methods of
analysis in order to achieve sufficiently good statistics. In this thesis various reactions
are described for the analysis of hydrogen, lithium, boron and fluorine.

2.1.3.1 Hydrogen

For thin samples the forward-scattered p and H can be detected with a high yield
when the beam particles are protons. The background from other constituents of the
sample can be suppressed by detecting the two scattered particles in coincidence at
90° relative to each other[3]. In paper I, a specially designed surface barrier detector
for hydrogen analysis at a nuclear microprobe is presented. The detector is annular
and divided into two halves that are read out individually and utilized in the
coincidence mode. The depth profiling properties can, for instance, be utilized to
characterise the thin sections of tissue that were the sample being examined in paper
II, III, IV and VI. By this approach information can be gained on the type of cut the
cells had undergone (see section 4.1).

2.1.3.2 Lithium

For the analysis of lithium the reaction

> a + ct, (Q= 17.35 MeV)

is employed. It is an advantageous reaction due to the fixed relative emission angle
between the emitted a-particles, the high Q-value for the reaction and the fairly high
cross-section of the reaction.

In the first part of paper II results are reported from a set-up for macroanalysis
(beam spot size 5-10 mm) based on a fast coincidence technique. This system is
designed for high count rates and therefore detector limitations do not severely
restrain the practicable beam current. The coincidence technique makes the analysis
of semi-thick samples possible, in the meaning that the a particles lose a significant
part of their energy when leaving the sample, without problems of background.

The second part of this paper describes a set-up for a nuclear microprobe,
employing the same reaction as for the macrobeam set-up. In this case the emphasis is
on large solid angles rather than high count rates, because of the low beam currents

11



used at an NMP. Another important feature is the versatility of being able to analyze
simultaneously other light elements through optimal nuclear reactions.

2.1.3.3 Boron

For the analysis of ' ' B the reaction

p + HB=>ai +8Be*

8Be* => a n +a i2

is attractive. It has a broad (x = 300 keV) resonance at 0.660 MeV with a large
maximum cross section (300 mbarns). Thereby a high yield is achieved. The
drawback is the relatively low beam energy at which other techniques, for example at
a nuclear microprobe, are less suitable. However, in paper IV it is shown that boron
analysis can be combined with STIM (see section 2.2).

In paper III and IV the backscattered a particles were detected by an annular
surface barrier detector in the backward direction. A minimum detection limit of 400
pg/cm2 for an integrated charge of 1 ^C is reported, which makes this method very
sensitive.

2.1.3.4 Fluorine

The reaction

p+ ! 9 F=>ai + 16O*,

16Q* => 16o + e" + e+ (internal pair production)

has been studied in basic research quite extensively. However, it has not attracted
great attention for ion beam analysis purposes. In paper V an investigation with the
aim to utilize this reaction for ion beam analysis is made. The experiment was
designed to measure the a particle in coincidence with either the electron or the
positron. The a particles were detected with a silicon surface barrier detector (SBD)
and the electrons and positrons with a thin plastic scintillator. The background in the
scintillator is low and originates chiefly from compton-scattered y-rays. An MDL of
30 ng/cm2 for an integrated charge of 10 \iC is achieved. In the paper another way to
utilize the reaction is proposed. The emerging electron and positron can be detected
in the coincidence mode by two large, but thin, plastic scintillators. As very few
reactions that result in internal pair production exist, a signal virtually free of
background is obtained. The set-up allows of large solid angles and the utilization of
very high beam currents, because the count-rate in the plastic scintillator will be low.
Thereby a small minimum detection limit can be achieved; in the paper it is stated that
the MDL could be lower than any reported in the literature to date for the analysis of
fluorine.

2.2 Scanning Transmission Ion Microscopy (STIM) - on- and off-axis
12



In Scanning Transmission Ion Microscopy (STIM), a grand name for a rather modesi
technique, the beam particles are transmitted through the sample and the loss of
energy is measured. The magnitude of the energy loss depends on the thickness,
density and mass of the sample. Thereby various characteristics of the sample can be
deduced, for example, the mass thickness and basic structure. Thus STIM can be used
both as an imaging technique and to measure the thickness in order to determine
absolute concentrations of certain elements of interest. The transmitted particles are
detected in the beam direction, thus allowing the use of very small beam currents,
which makes it possible to focus the beam down to about 0.1 (am in diameter In
paper 1, II. IV and VI STIM is used, and as detector of the particles window-less photo
diodes are employed. In Fig. 1 an image of a silver grid with 12.5 ^m between the bars
placed on a larger copper grid is shown. The beam energy was 2.55 MeV and the
beam size was less than 1 u.m.

SO 6C

Fig. I. STIM images of a silver grid with 12.5 fum between the bars, lying on a
larger copper grid are shown. In a), the area scanned is 320 x 320 fum?, and in b)
32 x 32 fAm~. The beam energy- was 2.55 MeV and the beam size below 1 \xm.

However, it is not possible to use beam currents needed for analytical purposes
for STIM as the detectors would immediately be damaged. In order to get a lower flux
of particles into the STIM detector while maintaining the necessary beam current, an
off-axis STIM must be used. The particles can be scattered in a thin carbon foil and
thereafter be detected at some angle and at a distance that yield the suitable count
rate and energy resolution. In paper VI, such a device is described and important
applications are presented. Clearly, the lateral resolution is inferior to that for on-axis
STIM; the analytical currents allow beam spot sizes down to about 1 ^m.

There are several methods to evaluate STIM data. In this thesis the mean of the
energy loss is determined for events above a certain, fairly high, threshold in each
pixel of the scan. Thus multiply scattered events are excluded from the analysis. The
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method to use the median[4] has also been tried, but for the type of samples
investigated here no improvement was found; in fact, I doubt the soundness of this
approach.

For off-axis STIM data yet another method was attempted in paper VI. It was
found that instead of dividing the sum of the particle energies by the number of
particles, a division by the square of the number of particles enhanced the image
quality greatly. This was discovered serendipitously, and no exact model has been
developed to explain this surprising result. However, it is believed that effects from
multiple scattering - which are much more serious here because the multiply scattered
particles have about the same energy as 'true' events - are depressed.

2.3 Particle-Induced X-ray Emission (PIXE)

Particle-Induced X-ray Emission (PIXE) is one of the most powerful methods for ion
beam analysis. It is based on the excitation of the inner electron shells of the atom by
impinging heavy particles, often protons. The de-excitation of the atom occurs
through the emission of an X-ray photon, whose energy is characteristic of the atom
in question. Most often a Si(Li) detector is employed to detect the X-rays, and, to
minimize the bremsstrahlung background, the angle of detection is in most cases 135°
relative to the beam direction. PIXE can be used for the efficient analysis of elements
heavier than approximately aluminium. PIXE is the most frequently utilized technique
at nuclear microprobes. The literature on PIXE is overwhelmingly large, but the reader
is referred to the handbook by the founder of PIXE, Sven Johansson, and his co-
author John Campbell for an overview[5].

2.4 lonoluminescence (IL)

The Ionoluminescence (IL) technique has been developed in recent years. It is similar
to the PIXE technique described in section 2.3 in the sense that photons emerging
from the bombardment by heavy particles are employed for the analysis, but instead
of utilizing the excitation of the inner electron shells the outer shells, giving rise to
visible light when de-exciting, are explored. The method is reminiscent of laser-
induced fluorescence[6] and cathodoluminescence (see section 5.3), which have
proved valuable in various fields. IL has so far been used mainly in geological
applications, for example, for imaging structures not observed by other techniques.
Analysis of the rare earth elements that are difficult to measure by PIXE can be
envisaged. Programs have been launched that aim at utilizing the method in other
areas. In biology a multitude of compounds give rise to luminescence phenomena,
which appear to be a promising field of exploration. Also In the context of a research
program on newsprint using ion beam analysis, IL will be employed. The theses by
Pelle Homman[7] and Changyi Yang[8] are recommended for further reading.

2.5 Miscellaneous methods

A multitude of other techniques at a nuclear microprobe exist. Merely a few more
examples will be given here. Secondary electrons[9] are used to image samples too
thick to be imaged by STIM. This method is often utilized for samples investigated in
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the context of material science. In Rutherford backscattering (RBS)[10] the
elastically backscattered particle is utilized for the analysis. It can be used to obtain
depth profiles, measure the light elements and can also be used for experiment
monitoring, for example, to provide a measure of the beam current. Ordinarily a
particles are employed. Sometimes the technique is called particle elastic scattering
analysis (PESA) when protons are employed because of the non-Rutherford cross
sections that arise[ll]. In elastic recoil detection analysis (ERDA)[12] the beam
particle is commonly heavy, and the recoiling target atom, as opposed to the beam
particle itself, is utilized in the analysis. The experiments are often done at a glancing
angle. Depth profiling of light elements is one strong area for ERDA. Usually, this
technique is not performed at a microbeam, albeit in some specific cases it has been
employed[13].
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Fig. 2. An outline of the Lund Nuclear Microprobe.

Legend:

ace. - single - ended 3 MeV Pelletron accelerator;
Lp. - turbo-molecular vacuum pump;
sL - beam defining exit slits;
q.d. - pre-focusing magnetic quadrupole doublet;
p.s. - power supply and control of the turbo pump;
turn. - analysing and switching magnet;
a\p. - oil vapour diffusion vacuum pump;
e.sL - energy stabilising slits;
b.s. - beam stop;
b.v. - beam viewers;

obj. - object forming slits;
op.- beam divergence limiting slits;
lens - achromatic magnetic quadrupole triplet lens;
s.c. - magnetic scanning coils;
ch. - specimen chamber;
c.p. - concrete / iron piers;
w.s. - working stage;
a.v.n. - anti-vibration niche;
• - guarded high vacuum valves.
e.sL - electrostatic steerers.



3. THE LUND NUCLEAR MICROPROBE

3.1 Accelerator and beamline

The Lund NMP consists of a 3 MV single-ended electrostatic accelerator. An
schematic diagram of the beam line is found in Fig. 2 (the figure is taken from the
thesis of R.J. Utui[14], in which a more detailed description of the present status of
the Lund NMP is presented; see also ref. [15]). The ion source is of the RF type, and
the beam from the accelerator is prefocused by a doublet of quadruple magnets. The
beam passes the deflection magnet, and is directed through the object slits, that can
be adjusted down to a hole size of 200 jim2 or less. The beam can be monitored by
two beam viewers, one just in front of the object and the other one right in front of
the aperture slits. The size of the opening of the aperture slits can also be adjusted,
and the beam enters the quadruple triplet, the focusing lens, with a size of about 100
\im. The final focusing down to about 1 jam is thereafter performed by the focusing
lens. The beam is scanned over the sample with a magnetic device by which scans of
about 4 mm2 can be executed.

The brightness has recently been measured, and is about 11 pA/nm2/mrad2 for
an object size of 75 x 75 jim2 and an aperture size of approximately 400 x 400

The experimental chamber is described in ref. [15]. The sample stage has the
shape of a wheel in which a number of samples can be placed and analyzed without
breaking the vacuum. It is externally controlled either manually or by stepping
motors, and can be moved in all three directions. There are two ports at 135°,
intended for Si(Li) detectors and/or luminescence equipment. Two ports at 90° are
intended for Si(Li) detectors and, perhaps, luminescence devices to be employed
together with the new NRA equipment described in section 3.3. Various supports
inside the chamber are utilized for photo diodes for STIM, surface barrier detectors,
Faraday cup etc. A microscope is employed to observe the beam spot. Light can be
let into the chamber from above through a window.

3.2 Signal processing, data acquisition and beam control

The primary signals from the various detectors employed in this thesis (scintillators,
silicon surface barrier detectors (SBD), photo diodes and Si(Li) detectors) are
processed in various manners to achieve suitable performance. For most of the work,
coincidence measurements are made, which require good timing; generally the timing
resolution is in the order of 1 ns. This has been obtained by standard NIM electronics:
amplifiers, discriminators (leading-edge and constant fraction), time-to-pulse height
converters (TPHC), coincidence units, fan-in/fan-outs, gate generators etc.

A technique to improve the performance of SBDs by pulse shape
discrimination is reported in paper VII. The technique suppresses pile-up events due
to a high count rate in the detector. Another advantage of the technique is that it also
rejects defective pulses that introduce low energy tailing to the peaks. These
defective pulses originate from such effects as incomplete charge collection in the
parts of the detector near the surface or detector anomalies. It is shown that the
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rejection of these pulses decreases the background significantly throughout the
spectrum and improves the detection limits. It also enhances the overall performance
of the detector as it decreases problems caused by ageing, radiation damage and
inappropriate handling.

In the papers presented in this thesis two different data acquisition and beam
control systems have been utilized. The old one is VME/VMS-based and is
thoroughly described in ref. [16,17]. This system has been employed for the work
described in paper III, IV, VI and VII.

A new data acquisition and beam control system, with true multiparameter
acquisition properties, has recently been conceived at the Lund NMP. It is CAMAC-
based and combined with a commercially available computer code, Kmax™, that is
user-modified for this particular application. It consists of peak- and charge-sensitive
Analogue-to-Digital Converters (ADC). These are connected to a buffer memory by
an ECL bus that allows fast data transfers; the data are read out over the CAMAC
bus only when this buffer is full. This procedure overcomes the problem with the
slow CAMAC bus. Time-to-Digital Converters (TDC) and sealers are included in the
system. A Digital-to-Analogue Converter (DAC) is part of the system and is
employed for the scanning of the beam. There are various options for modes of
operation. The data can either be read out from the buffer memory to the computer
for every pixel that is scanned, or read out together with the beam position every time
the buffer is full, which reduces the time of analysis. The data are fed through an SCSI
bus to a Macintosh computer, where they are collected by the Kmax program and
directly sorted and/or saved in list-mode event by event. The event data can
eventually be analysed by the Kmax program or by other routines, for instance, in
work stations. The data can be transferred by fast net connections for immediate
analysis at other computers if so desired.

This system has been employed for the investigations reported in paper I, II, V.
The reader is referred to ref. [ 18] for a detailed description of the system and its
performance.

3.3 The new nuclear reaction analysis facility at the Lund Nuclear Microprobe

A new set-up for trace element analysis of light elements by nuclear reactions has
been developed through the work presented in this thesis at the Lund Nuclear
Microprobe. The various detectors for the reaction products are arranged in such a
way that they can be used for the simultaneous analysis of hydrogen, lithium, boron
and fluorine together with traditional PIXE (Particle Induced X-ray Emission)
analysis, pNRA (photon-tagged Nuclear Reaction Analysis) and STIM (Scanning
Transmission Ion Microscopy). A diagram of the set-up is shown in Fig. 3.

Hydrogen analysis is performed through the H(p,p)H reaction, where the two
protons are measured in coincidence at 45°. An annular silicon surface barrier
detector (SBD) that is divided into two halves is used for the proton detection. See
section 2.1.3.1 and paper I.

Lithium is measured through the ^Li(p,a)a reaction, where the two a particles are
ejected almost back-to-back. This is utilized by detecting the two alfa particles in
coincidence by two annular SBDs, one in the forward direction (the same detector
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Fig. 3. An schematic drawing of the set-up. The various detectors for the reaction
products are arranged in such a way that they can be used for the simultaneous
analysis of hydrogen, lithium, boron and fluorine together with traditional PIXE
analysis. pNRA and STIM.

used for H analysis) and one in the backward direction. (Section 2.1.3.2 and paper
II)

For boron analysis the broad resonance at 662 keV of the reaction • 1B(p,a)8Be*,
8Be* -» a + a is used. Any of the a particles can be used for analysis, and one or
both of the SBDs is used for the measurement. See section 2.1.3.3 and paper HI and
IV.

The l9F(p,a)16O*, 16O* (0+) -» 16O (0+) + e- + e+ (internal pair production) is
used for fluorine analysis. Either the electron or the positron, or both, is detected in
coincidence with the a particle in order to suppress the background of the a particle.
See section 2.1.3.4 and paper V.

The signals from the two SBDs are utilized in such a way that all the above
mentioned reactions can be used at the same time. The exception is of course the
reaction for the analysis of boron-11, which relies on the resonance at 0.63 MeV.
However, the experimental arrangement need not be changed, only the beam energy.
Also, the pNRA technique (section 2.1.2) can be employed by combining either SBD
with the BaF2 scintillator described in paper III. Likewise, the option to use the PIXE
method (section 2.3) remains, though not at the prevalent angle of 135° to the beam
direction, as the space is occupied by the SBD, but at 90° as indicated in Fig. 3. The
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disadvantage of this angle is that the background from the bremsstrahlung is larger
than for 135°. However, the solid angle can be larger, as the detector can be placed in
a position closer to the target. Especially for the heavier elements the increased
background is not of paramount importance, and actually a higher sensitivity can be
achieved. For the lighter ones, say between aluminium and zinc, the drawback is
more severe. Thus the actual experimental arrangement must be designed according
to the elements of prime interest.

In order to perform STIM at high beam currents, off-axis STIM is used so that
STIM and the techniques for elemental analysis can be performed simultaneously. A
thin carbon foil is put in the beam direction and the scattered particles are measured
with a photodiode at some suitable distance and angle to the carbon foil. See section
2.2 and paper VI.

In addition to all the techniques described above, it should be possible to include
also the Ionoluminescence method (section 2.4) by employing the remaining chamber
port at 90°. The thin samples for which this system is primarily constructed allows the
X-rays for PIXE to pass the sample and the backing before entering the detector.
Thus the luminescence can be detected from the front of the target. However, a
detailed discussion of this is beyond the scope of this thesis.
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4. APPLICATIONS

4.1 Hydrogen

Hydrogen is the most abundant isotope in nature, which makes hydrogen analysis
interesting in a large number of scientific areas. Examples are medicine and biology
(organic substances, biological tissue), atmospheric aerosol particle research[19],
material science (metals, amorphous silicon[20], thin films) and geology, (minerals[21 ],
moon rocks[22]). All these fields are application areas of the Nuclear Microprobe
(NMP)[23], which makes a readily available method to analyze hydrogen useful.

In paper I a new detector for hydrogen analysis at a nuclear microprobe is
presented (see also section 2.1.3.1). It is applied in paper II for imaging of biological
tissue. It is assumed in paper I that the depth profiling resolution of the experimental
arrangement is about 5-10 % of the sample thickness. This may well prove excellently
suited for the analysis of sections of tissue, like those analyzed in paper HI, IV and VI
(perhaps also II). These sections are about 10 urn thick, which corresponds to the
diameter of a brain cell. Thus it is difficult to deduce where the cut has been made:
through the middle of a cell or somewhere else. The projection is made of an entity
that is to some extent unknown. By applying the hydrogen analysis as outlined in
paper I to obtain a depth profile, information of where the cut has been made is
obtained, as it has been shown in paper I and II that biological structures can be
imaged by hydrogen analysis. Another important application lies in the possibility to
monitor beam damage, which is a severe problem in biological samples. The detector
is well suited for investigating the poorly understood beam damage processes of
hydrogen, as the large solid angle allows the collection of data with good statistics in
a short time; thus also rapidly occurring phenomena can be observed.

4.2 Lithium

The primary aim of the work reported in paper II has been to analyze lithium in
patients who are being treated with lithium against unipolar or bipolar affective
disorder ('manic-depressive illness'), and in psychiatric control patients who have
never been treated with lithium. This project was approved by the Medical Research
Ethics Committee at Lund University (LU 494-95). Lithium treatment has been in use
since 1949, when its beneficial effect on mania was discovered serendipitously[24].
Its mechanism of action is still not known. Investigating the distribution of lithium in
various types of cells might help unveil this mechanism of action. The nuclear
microprobe (NMP) is well suited for the task. It has a lateral resolution of about 1 um,
which is sufficiently good for the investigation of most types of cells. Also, the
possibility to simultaneously measure other elements, such as calcium and magnesium
by PIXE, may prove useful. Furthermore, from the mechanism of action of a
pharmacologically active substance it may be possible to infer the pathogenesis of
the disorder in question.

Another current topic in medicine is the anti-HIV drug AZT, a compound that
contains Li[25]. Li is an element of fundamental importance in geology and
cosmochemistry[26]. In material science, Al-Li alloys are being investigated because
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of their high strength compared to their weight, and optical wave guides and fibre
optical materials also contain Li[27].

4.3 Boron

The principal object of the work on boron has been Boron Neutron Capture Therapy
(BNCT)[28,29]. BNCT has a long history. The development of this cancer therapy
has proceeded at a rapid rate in recent years, as it is a therapy with a very local effect,
as opposed to traditional radiation therapies. BNCT is based on the large cross
section (3838 barn) of 10B for thermal neutrons:

10B + n - » a + 7 L i + Q , Q = 2.79MeV.

The reaction products have enough energy to destroy a tumour cell if the reaction
takes place sufficiently close to the cell nucleus. Typical ranges for the reaction
products are 5 - 10 (im in brain tissue. The boron atoms must be transported to the
tumour by a carrier compound that selectively enters tumour cells. A fundamental
quality of the compound must be that it be able to penetrate the cell membrane and
be located as close to the cell nucleus as possible at the time of irradiation. Several
substances are being tested, and one feature being investigated is the resulting boron
distribution within the cell at various times after injection. A tool that is able to
compare various compounds requires a method to measure the boron and one that
shows the cell structure. How this can be achieved was described in paper III. The
main demands are a minimum detection limit (MDL) of at most 50 ng/cm2 and a lateral
resolution in the order of 1 \im. It was found that ' 1B is much more suitable for
analysis than 10B, although the latter is used in BNCT. As it is believed that isotopes
are identical in a chemical and a biological sense, this was not considered to be a
problem. In paper IV an actual microprobe analysis is made of the resulting boron
distribution for one boron compound.

Another possible application of the regime presented in paper III and IV is the
study of plant fertilizers that contain boron[29]. The effect of boron on mineral
metabolism in humans is being studied [30]. Boron is implanted in various materials in
order to modify their properties, such as semiconductors^ 1] and diamond[32].

4.4 Fluorine

There is a wide range of applications for fluorine analysis. Both bulk analysis and
microanalysis have been performed, the latter by depth profiling as well as by nuclear
microprobes (NMP). In odontology, problems related to the fluorine distribution in
teeth have been investigated[33,34]. In medicine, some drugs contain F and would be
interesting to analyze[35]. In geology, various issues involve the analysis of F[36,37].
Dating of archaeological artefacts has been done by a technique based on the depth
analysis of fluorine[38,39]. Fluorine analysis has also been performed in material
science, for example, Si[40], F implantation of diamond[41] and metallurgy[42].
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4.5 General applications

An idea that the author has been advocating, is the marking of compounds whose
effects eventually are analyzed by a nuclear microprobe. It is not an original idea
because work with markers is being performed with other analytical techniques[35J,
but as far as the author knows this has not been carried out with a nuclear
microprobe. The investigation of the exact behaviour of carrier compounds is not
only interesting in the BNCT case (see 4.3 above). Carrier compounds have an
important role in medicine, for example, also for other types of cancer therapy besides
BNCT. Other types of compounds, such as drugs of various types, would also be
candidates for investigation by the method. The exact mechanism of action of carrier
compounds and drugs is often unknown. The analysis of the distribution of the
compound on a subcellular level might provide information by which the mechanism
of action can be deduced. One way to perform this would be to attach a marker to
the substance in question. The marker is an element that is found in very small
concentrations in the tissue that is analyzed. The various accelerator-based methods,
e.g. NRA methods and PIXE, cover almost the whole periodic system, which should
make it possible to find a suitable marker for every compound. The general features of
this method would be detection limits of about 1 ppm marker and a lateral resolution
of about 1 nm. This should allow the investigation of the behaviour of the compound
on a subcellular level with 'real' samples, i.e. cells that are not cultivated.
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5. COMPARISON TO RELATED TECHNIQUES

In this section some comparisons are made between ion beam analysis with ions of
energies of a few MeV and some competing techniques that aim at similar issues.

5.1 Secondary Ion Mass Spectrometry (SIMS)

In Secondary Ion Mass Spectrometry (SIMS) (also called ion microscopy) a beam of
low energy ions is made to impinge on the sample. Charged particles or molecules are
thereby sputtered out of the sample, which are accelerated in an electric field and
thereafter analyzed in a mass spectrometer. Practically all elements can be measured,
and an image with submicron resolution can be obtained. For many elements
detection limits of less than 1 ppm are attainable. Depth profiling can be achieved as
layer after layer is peeled off the sample. An analysis takes a few minutes. The sample
preparation is, on the other hand, time consuming, because the surface has to be very
smooth. The great drawback with the method is a poor understanding of the
sputtering process, which makes careful calibration necessary with an identical
chemical environment. For different matrixes sputtering yields for the same element
that vary by 5 orders of magnitude have been observed. SIMS has been employed
for practically all types of analytical problems and ready-for-use systems are
commercially available.[43]

5.2 Laser Microprobe Mass Analysis (LAMMA)

Laser Microprobe Mass Analysis (LAMMA) resembles SIMS, but a laser is used to
literally shoot out a piece of the sample. This piece is thereafter analyzed in a mass
spectrometer. The lateral resolution depends on the beam size of the laser, and is
typically about 1 \xm. It can be used both for elemental analysis - all elements can be
analyzed - and for analysis of molecules. The detection limit is in the ppm range.
Accurate quantification is difficult, and standards must be used for calibration.
LAMMA has been applied to a large variety of analytical problems and is
commercially available.[44]

5.3 Electron microscopy

In electron microscopy the specimen is bombarded by electrons. The various signals
that are obtained have been made the basis of different methods. There are
counterparts to the ion beam analysis methods described in section 2. Imaging
techniques include the secondary and backscattered electrons, cathodoluminescence
and transmission analysis. Elemental analysis can, for example, be performed by the
induced X-rays (the counterpart of PIXE) and EELS (electron energy loss
spectroscopy). A distinction is often made between a scanning electron microscope
(SEM) and a transmission electron microscope (TEM), though this differentiation is
no longer very relevant as there are scanning transmission electron microscopes
(STEM). The lateral resolution attainable is less than 1 nm, which has made possible
the imaging of the DNA helix. For very high resolution imaging extremely thin
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samples are required, which poses problems because the structure may be altered by
the procedure for sample preparation. The sensitivity for elemental analysis is
considerably lower than, for example, PIXE, about 100 times worse detection limits is
a figure often reported. Frequently the energy of the electrons is about 40 keV, but
also higher energies are used. High electron energies yield considerably improved
performance, but increase the technical difficulties in the design of the microscope.
Electron microscopes are commercially available in many varieties, and they are
among the most common, advanced analytical instruments.[45]

5.4 Synchrotron Radiation X-ray Fluorescence (SRXRF)

Another method to induce X-rays is to bombard the sample with X-rays; this
technique is often referred to as X-ray fluorescence (XRF). Synchrotron radiation
from large electron accelerators in the X-ray range can be employed to this end.
Slightly better minimum detection limits have been reported for SRXRF than for
PIXE. As for PIXE, only elements heavier than approximately aluminium can be
measured. The X-ray beam can be focused down to a small beam; for analytical
purposes a beam spot size of 1 u.m has been obtained, and for the imaging of
structures, less than 10 nm is attainable. The applications are to be found in
approximately the same fields as for ion beam analysis. One useful feature is the
possibility to perform X-ray energy scans over absorption edges, by which chemical
information such as oxidation states can be revealed. One application of a very small,
low current beam is for the imaging of cell structures, which is interesting because
thicker samples can be utilized, in which the structure is not affected by the
preparative procedures as much as for the ultra-thin samples used in electron
microscopy. The main difficulty with the technique is the large accelerators required,
that are rare and render the experiments expensive.[46]
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6. FUTURE DEVELOPMENT

When considering the future prospects of ion beam analysis, it is fruitful to start from
the following relation:

Nd = N da/dQ Q E Q,

where Nd is the number of detected particles, N the number of atoms per unit area in
the target, da/dQ the differential cross section for a reaction, Q the solid angle of the
detector, E the efficiency of the detector and Q the number of impinging particles. In
principle, it is desirable that the number of detected particles, Nd, be as large as
possible. However, it is also necessary to take the background issue into account, and
the flux of particles into the detector can be too large, leading to a deterioration in the
quality of the analysis. Having observed this, generally Nd should be maximised.

The number of atoms per unit area in the target, N, can be optimized for the
analysis so that a target of a thickness adapted to the beam energy is used. Thereby
the beam particles are utilized in the most efficient manner. The cross section, da/dQ,
can be optimized for the angles and beam energy. For elastic scattering processes, the
cross section is increased by a lower energy of the beam particle and by heavier beam
particle (and target atom) - thus very large cross sections are obtained for low energy
uranium atoms impinging on thin films. However, for nuclear reactions, this simple
pattern is not at all applicable. This is also one of the lodestars of this thesis. Thus it is
necessary to find the energy and angle of emission with the largest cross sections. In
some cases this imposes high demands on beam energy control and related problems.
Of course, the ultimate limit is set by nature itself.

Of a less fundamental nature are the solid angles for the detectors utilized and
the corresponding efficiencies. In this thesis, it has been shown that large solid angles
can be used for certain problems. These can be further enhanced, and for detectors
that earlier had rather limited solid angles - e.g. solid state detectors - methods have
now been developed that makes it possible to grow very large semiconductor
detectors. Large Ge detectors (3" x 3" and larger) are commercially available.
Inexpensive X-ray diodes [47] that do not require cooling by liquid nitrogen are also
available now. They are still small (7x7 mm2) and thin and with a resolution of about
250 keV, but development seems to point in the direction that in the not too distant
future it will be feasible to utilize detector arrangements with virtually 4 n solid angles
with position-sensitive properties. These can be tailor made for the issue. Probably it
will also be possible to attain a very high efficiency.

The number of impinging particles, Q, is determined by the beam current and
the irradiation time. The ion source and the beam optics set the limit for this, together
with the beam time available. For microprobe analysis, the utilization of the recently
developed compact Radio Frequency Quadrupole (RFQ)[48] accelerators - which
bunch and accelerate low energy ion beams and produce very high currents, and
which can be employed as main accelerators as well as post-accelerators and injectors
- seems ideal; the drawback being that the beam energy cannot be changed. This, in
addition with new ideas for the design of focusing lenses in recent years, makes it
reasonable to suppose that the beam spot size for an analytical current will approach
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10 nm in the future. The problem is to find samples tolerating the high charge density
induced by such a beam. For microprobe applications, where the structure itself is
probed, the problem of beam damage is especially critical; therefore beam damage will
most likely be the ultimate limiting factor for the microprobe development. For bulk
analysis this problem is not as pronounced as for microprobe work. A special problem
is the loss of hydrogen due to beam damage (see paper I), which seems to occur
through processes not yet fully understood.

There is much to be gained from co-operation between different disciplines for
analytical work. For instance, one of the most appealing qualities of microprobe
analysis is that all processes involved are well understood. The disadvantage is that
an analysis of one sample usually takes several hours. By SIMS, on the other hand,
the analysis is performed in a few minutes, but there is a demand for calibration with
standards with exactly the same matrix as the sample, because the sputtering
processes employed are poorly understood. This makes co-operation between NMP
and SIMS attractive. To the author's knowledge, this has not been extensively
explored.
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