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A three-dimensional X-ray detector for imaging 30–200 keV photons is

described. It comprises a set of semi-transparent structured scintillators, where

each scintillator is a regular array of waveguides in silicon, and with pores filled

with CsI. The performance of the detector is described theoretically and

explored in detail through simulations. Based on available hardware, a spatial

resolution of 1 mm is obtainable. The resolution of a single screen is shown to be

determined only by the pitch, at least up to 100 keV. In comparison with

conventional homogeneous screens, an improvement in efficiency by a factor of

5–15 is obtainable. The cross-talk between screens in the three-dimensional

detector is shown to be negligible. The three-dimensional concept enables ray-

tracing and super-resolution algorithms to be applied.
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1. Introduction

In recent years more synchrotrons have been and are being

built, and as the X-ray community gains access to synchrotron

radiation they are progressing to harder X-rays to better

investigate larger bulk samples. At the same time the need to

resolve details at a micrometer or even submicrometer level

continuously increases, bringing forth the need for high-

spatial-resolution X-ray imaging at energies between 30 and

200 keV (Banhart, 2008). Additionally, the need for dynamic

studies demands high-efficiency detectors to obtain fast time-

resolved data (Baruchel et al., 2006).

Presently, for such purposes detectors comprising a homo-

geneous scintillator optically linked to a CCD are used almost

exclusively at synchrotron facilities (Koch et al., 1998).

Unfortunately this design has two serious drawbacks. Firstly,

the visible photons are emitted in a Lambert-like distribution

within the scintillator, and hence the spatial resolution of the

detector is limited by the thickness of the scintillating screen,

since the light will be out of focus for all but one narrow depth.

Secondly, for support purposes, scintillators are typically

mounted on thicker substrates, and Compton scattering and

fluorescence in the substrates then give rise to tails in the point

spread function (PSF).

As an example, a typical scintillator used at the European

Synchrotron Radiation Facility (ESRF) is a 6 mm-thick crystal

of YAG, LAG or YAP doped with cerium on a 100 mm-thick

substrate. This is used in hard X-ray tomographic experiments

with a resolution of 2 mm, but in the white beam used for these

studies the efficiency is only approximately 1.1% (Martin &

Koch, 2006; Di Michiel et al., 2005). The strong coupling

between spatial resolution and efficiency reduces options for

time-resolved studies. This is true for tomographic studies, but

the problem has been accentuated by the recent introduction

of three-dimensional X-ray diffraction microscopy (3DXRD)

(Poulsen, 2004), which is based on diffraction.

These disadvantages are well known and several alternative

detector designs have been suggested in the literature. One

direction of research is towards semiconductor detectors with

three-dimensional anodes (Piemonte et al., 2005), but the

demand of space to make the necessary contact between

columns and readout electronics sets a lower limit for the

resolution at about 10 mm. A second direction of research is

towards the manufacturing of scintillation screens confining

and guiding the secondary emitted photons through the

screen. This approach was described by Deckman et al. (1989)

and by Bigler & Polack (1985), but their designs were

hampered by very short pores and the use of a liquid scintil-

lator with low efficiency, respectively.

The fabrication of a structured scintillator is reported in two

recent papers (Badel, 2005; Olsen, 2007), showing the feasi-

bility of manufacturing two-dimensional pore arrays with a

distance between pore centers (pitch) of 40 and 4 mm,

respectively. The waveguides comprise high-aspect-ratio pores

in silicon with a wall coating of thermally annealed SiO2 and a

filling of the dense fluorescent material CsI. The pores are
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obtained through electrochemical etching (Lehmann, 2002), a

technique capable of producing deep arrays of submicrometer

pores (Lehmann & Gruning, 1997).

In the first part of this paper we study the performance

(spatial resolution and efficiency) of this novel type of scin-

tillator by means of Monte Carlo (MC) simulations. Results

are compared with the work of Koch et al. (1998) on

unstructured scintillators. The results can be used to direct the

on-going research and development towards the optimal

fabrication parameters.

In the second part of the paper we explore the concept of

a three-dimensional detector. By stacking a set of identical

semi-transparent detectors, each comprising a structured

scintillator screen, images are taken in parallel increasing the

overall efficiency of the detector. Furthermore, the multiple

simultaneous images enable the use of super-resolution algo-

rithms (Park et al., 2003) to further increase the detail level in

the image. The three-dimensional detector can also be fore-

seen to be used in connection with divergent beams, in

particular for non-destructive mapping of grain shapes and

orientation fields by 3DXRD. 3DXRD involves acquiring

diffraction images of different sample-to-detector distances to

accurately ray-trace the origin of grains (Poulsen et al., 2001).

However, the scintillators placed in the beam path will

generate fluorescence and scattered photons and as such give

rise to additional noise in the neighboring screens. A set-up

using three screens placed behind each other has been simu-

lated to evaluate the magnitude of these effects, and thereby

assess the prospect of such a ‘three-dimensional detector’

principle.

2. Detector principle

The scintillator presented here is an adaptation of a design

used by Badel et al. (2002). In an effort to achieve high effi-

ciency while maintaining good resolution, the scintillator

comprises a matrix of waveguides with scintillating cores. In

Fig. 1 the principle of the waveguiding scintillator is shown.

Pores are etched into a wafer of silicon which is opaque to

visible light and separates the individual pores from cross-talk.

A thermally grown surface layer of silicon dioxide on the pore

walls acts as a waveguide cladding with a refractive index of

1.45 and the pores are filled with a high-refractive-index

scintillator material, enabling total internal reflection in the

pores.

Filling is achieved by melting the scintillating material into

the pores. Si and SiO2 have melting points around 1673 K and

the scintillator is thus restricted to a material that will liquify

well below this temperature. CsI doped with thallium has a

melting temperature of 894 K, a rather high density of

4.15 g cm�3 and the light yield is among the highest of

conventional scintillators with 60 photons per keV (Holl et al.,

1988). Compared with a few regularly used scintillating crys-

tals like YAG, BGO and LAG, the absorption cross section

of CsI matches or exceeds the alternatives between 40 and

80 keV.

SiO2 comprises the cladding in the waveguide. The cladding

thickness should be thick enough compared with the wave-

length of the guided light to give effective internal reflection,

and thin enough that it does not comprise too much of the

screen area, thus lowering the efficiency. From the simulations

shown in Fig. 2, it is found that a SiO2 layer of 100 nm to

150 nm on a pure silicon wall of 150 nm to 50 nm is sufficient

to have less than 1% of the wave intensity extend past the

neighboring boundary. This means that absorption in the

silicon and cross-talk is limited, and in the MC simulations of

the detector response in x4 both effects are neglected.

The pores are filled with the scintillating material CsI with a

refractive index of 1.73. Internal reflection in the pores occurs

at angles above 56� from normal incidence. Assuming an

isotropic emission of visible photons and neglecting reflections

from angles below 56�, 8.5% of the emitted photons will be

reflected forward. However, since the numerical aperture of
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Figure 1
Schematic of a structured scintillator showing an absorption event and
the internal reflection of secondary emitted photons.

Figure 2
Result from electromagnetic wave simulation for waveguiding structures.
The graph shows the amount of the total wave that extends past the
middle of the wall. The remaining wall consists of unannealed silicon, and
the three curves represent different thicknesses of the pure silicon; the
dash-dotted line represents 150 nm, the solid line 100 nm and the dashed
line 50 nm.



a subsequent lens only accepts incoming photons at certain

angles, the internal reflection mechanism is only limiting effi-

ciency if the numerical aperture of the lens is above 0.5,

otherwise the collecting angle of the lens is the limiting factor.

Emission of visible photons occurs when X-rays are

absorbed in the scintillating material. The absorption cross

section of silicon and silicon dioxide are orders of magnitude

smaller than the cross section of CsI, and even with a 400 mm-

thick base of unstructured silicon the energy absorption in the

silicon base and walls for screens with typical dimensions of

the scintillating material and the silicon structure does not

exceed 12% of the total absorbed energy of 50 keV X-rays.

2.1. Efficiency versus numerical aperture

The numerical aperture (NA) of the lens and the thickness

of the scintillator z plays a vital role for the spatial resolution

of the detector. The image that is generated on the CCD is a

convolution of the image generated in the focal plane of the

scintillator and the images at every other distance �zn from

this plane. Images generated in planes with a large �z will be

out of focus and deteriorate the final image. From the work

of Koch and co-workers (Koch et al., 1998), the following

correlation between NA, thickness z, resolution R90W and

efficiency � has been found,

R90W ¼ ðpzÞ
2
þ ðpq=NAÞ2

� �1=2
; ð1Þ

� ¼ ½1� expð�z�Þ�
1

2�
½1� cosðNA=nÞ�; ð2Þ

where p and q are empirically found constants, n is the

refractive index of the media between the sample and lens,

and � and � are the density and the absorption cross section of

the scintillator, respectively. From this equation the optimal

parameters for the thickness and NA can be expressed,

zopt ¼
1

2pq
R2 ð3Þ

and

NAopt ¼ 21=2 p
1

R
: ð4Þ

For a low NA the resolution is diffraction limited and at a

higher NA the shallower depth of focus will deteriorate the

resolution; hence, for a given resolution, equation (3) gives the

optimal NA to be used for the lens that allows the highest z. A

thick scintillator gives good absorption of X-rays and thus high

efficiency, but for a good signal-to-noise ratio the generated

photons from the absorption processes should also be effec-

tively collected for good photon efficiency, and these equa-

tions illustrate the advantages of the structured scintillator in

terms of photon efficiency. Highly magnifying lenses typically

have large apertures. Conventional scintillators rely on a lens

with a low NA and a low magnification and the CCD should

thus have small pixels. With the structured scintillator, only

one focal plane exists and any lens gives sharp images. This

allows the use of more efficient CCDs with larger pixels, and

the high NA of the lens gathers more light, hence increasing

the overall photon efficiency. Since resolution and lens para-

meters are decoupled, a structured scintillator can be used

without a lens directly on a photodiode for further collecting

power.

2.2. Three-dimensional detector

The multiple scintillators in the three-dimensional detector

are placed on the beam path with tilted mirrors to reflect the

visible light through a lens onto a camera. The distance

between scintillators depends on the configuration of the

mirrors. Two possible configurations have been suggested, as

shown in Fig. 3. The first has a large distance between the

scintillators to accommodate mirrors; the second has the

scintillators close to each other but with the scintillators

emitting light of different wavelengths, and laser-line mirrors

are used to separate the signals from each detector. The first

layout is suitable for structured scintillators, while the second

layout makes it possible to place the scintillators close to each

other. The final design of an actual detector is still on the
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Figure 3
Two possible configurations of a three-dimensional detector, here shown
with two scintillators. (a) Layout with mirrors between the scintillators.
(b) Layout with scintillators emitting light at different wavelengths; the
laser-line mirror separates the light from different scintillators.



drawing board, but scattering from one scintillator that is

absorbed on the next is expected to have the largest dete-

riorating effect on the image, when the screens are close to

each other.

3. Simulation methodology

Several programs for simulating X-ray propagation are

available such as MCNP (Briesmeister, 2000) and GEANT4

(Allison et al., 2006), capable of efficiently handling a large

range of photon energies and materials. However, programs

with the capability of handling the combination of both X-rays

and visible photons are not readily available, and the effort

of constructing dedicated simulation software was therefore

deemed necessary. In the following we present a program for

‘ray-tracing simulation for arrays of waveguiding scintillators’

(RAWS), which handles both the local photon interaction with

the nano-sized silicon walls and the long-range interaction of

fluorescence and scattering events that extends hundreds of

micrometers across the scintillator. It accurately finds the

points where secondary emitted photons are generated and

changes the propagation description to match the laws that

govern the movements of these low-energy photons. The

program also gives freedom to decide the properties of the

initial X-ray photons by their positions and velocity vectors.

By integrating photons and X-rays in the same code, the

demands on memory are kept at a practical level. The code

only keeps track of the geometry, which is repetitive, and the

two-dimensional scoring plane.

The two-dimensional scoring plane in RAWS represents the

CCD or CMOS in a camera. If the NA of the lens permits

transmission of light at the angle of the incoming photon, the

secondary emitted photons will be registered as intensity in an

image. The coordinates of the intensity are determined by the

final position of the photon. The output image consists of the

number of registered photons integrated over each image

pixel.

3.1. Modeling absorption events

This first part of the algorithm simulates the energy

conversion from X-rays to excitons. The X-rays impinging on

the scintillator are assumed to be unperturbed by the inter-

faces between the materials. They interact with the materials

in the scintillator via absorption and scattering events.

Throughout this paper, cross sections have been taken from

the tabulations in NIST-XCOM (2004) unless noted.

A flow diagram of the absorption process is shown in Fig. 4.

The most common interaction of the X-rays is with the core

electrons of the atoms in the scintillator converting the X-ray

photons into kinetic electrons and fluorescence photons with

energies of the electron shell (Mengesha et al., 1998). These

particles in turn excite further electrons and photons until all

the initial energy has been lost in exciton generation and

lattice vibrations. The exciton relaxes when an electron finds

an empty site in the lattice, and thus releases its energy in the

form of a photon in the visible range. In some cases the initial

X-ray photon is not fully absorbed but only deflected either

elastically without loss of energy in Thomson or Raleigh

scattering processes or inelastically by Compton scattering

where energy is lost according to the deflected angle (Poulsen

& Neuefeind, 1995).

The RAWS algorithm uses the simplification of Bethe–

Block in the version described by Joy and Lou (Jablonski et al.,

2006) to model the conversion of kinetic electrons to excitons.

Their algorithm uses the energy of the particle to calculate an

average path length between energy losses where electrons of

higher energy move further between interacting with the

crystal lattice.

To account for electron-generated radiation, the radiative

cross section (NIST-ESTAR, 2003) is used to determine
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Figure 4
Flow chart of the parts in the RAWS algorithm representing interaction
events influencing the X-rays and subsequently generated particles. Not
shown are the secondary emitted photons that are generated at the sites
of the excitons.



probability for generation of kinetic photons or electrons after

each translation of an electron.

3.2. Comparison with MCNP

The performance of the RAWS absorption model has been

compared with the output from the commercially available

simulation program MCNP (Briesmeister, 2000).

For this purpose the RAWS program is altered such that the

absorbed energy is assigned to defined tally cells corre-

sponding to the tally cells in MCNP. The MCNP code uses

a tally construction separating the test volume into smaller

voxels. The code presented in this paper uses an algorithm

where each particle is accounted for separately, which gives

the freedom to obtain information on a very detailed level,

keeping track of how the absorbed energy originates from the

different absorption mechanisms.

The structure chosen for the validation is a 100 mm-thick

pillar made of CsI. The simulated beam is 150000 mono-

chromatic photons with 50 keV energy. In Fig. 5, cross sections

of absorbed charge are shown for the two algorithms. For the

MCNP algorithm the charge is absorbed closer to the impact

point of the photons than for the RAWS algorithm. The

discrepancy is expected to be due to deviations in the energy-

loss algorithms used for the two programs.

3.3. Ray-tracing of visible photons

The second part of the RAWS algorithm takes the input

from the first part as a list of positions where an exciton is

generated. It is assumed that the length scale of the excitons

is negligible and that visible photons are emitted in the exact

position of the excitons.

The visible photons or secondary emitted photons are

generated with random direction vectors, and propagate

through the structure according to Snell’s law using non-

complex refractive indices.

The photons are propagated through the scintillating

structure until they vanish at the sides or back of the structure

or are absorbed in the SiO2/silicon separating the pores. For

the visible wavelengths silicon has an absorption length of

5 mm (Fox, 2001) which for simplicity is used for both silicon

and silicon dioxide. For photons exiting on the front, the

position of the photon is recorded on the camera screen if the

numerical aperture of the lens allows the collection.

3.4. Implementation

The code has been written in Matlab on a Windows plat-

form. Converted to a stand-alone executable program, a

typical run time is 200 ms per X-ray photon.

4. Simulation of performance

The detector performance is simulated with regards to two

aspects: spatial resolution and efficiency. The resolution R is

evaluated from the PSF, and is found by simulating an infinite

thin pencil beam averaged over the entire center pore

including the Si/SiO2 walls. The walls are assumed to be

500 nm thick for all simulations and made of a uniform

material absorbing photons like silicon but having the

refractive index of silicon dioxide. A lens has been added to

the simulation ad hoc with perfect transmission, no aberra-

tions and a NA of 0.57 which is thus capable of capturing all

the photons exiting the pore.

In Fig. 6 the cross section from the two-dimensional scoring

plane is shown for a simulated structured scintillator with a

1 mm pitch, 100 mm-deep pores and an energy of 50 keV. The

structure of the scintillator is evident as peaks in the profile

with an amplitude varying with the distance to the center in

an Airy-like pattern. The discrete appearance implies that a

conventional full width at half-maximum (FWHM) figure of

merit is troublesome. As an alternative we define R90W as the

full width of the central fraction of the PSF containing 90% of

the signal (see also Koch et al., 1998).

Also shown in Fig. 6 is the simulated response of an

unstructured 50 mm-thick CsI scintillator to 50 keV photons

using a lens with a NA of 0.24. One of the main advantages of
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Figure 5
Comparison of the program MCNP (Briesmeister, 2000) and the RAWS
algorithm presented in this article. The graph shows the amount of charge
absorbed as a function of the distance from the X-ray impact.

Figure 6
Part of the cross section of the scoring plane in RAWS simulating a
structured scintillator with 1 mm pitch (dashed line). The solid line shows
the cross section from an unstructured scintillator for comparison.



the structured scintillator concept is clearly demonstrated: the

suppression of the tails by more than one order of magnitude.

The efficiency is defined as the ratio between inflicted dose

and absorbed intensity in the central pore in the PSF image. In

all simulations the dose on the scintillator is kept the same, but

the incident beam is the size of the pitch, hence the flux is

higher in scintillators with a small pitch.

In the characterization of the scintillator, three parameters

are assumed to have the largest effect on the performance:

pitch, height of the pores (scintillator thickness) and X-ray

energy. Parametic studies have been made for the pitch at two

characteristic energies, 50 and 90 keV, and for the energy at

two characteristic pitches of 1 mm and 4 mm. The pore height

was found to influence efficiency linearly and with negligible

effect on the PSF, and the results will not be reported. In the

following the pore height is kept constant at 100 mm.

4.1. Pitch

Varying the pitch shows a linear relationship between pitch

size and PSF as seen in Fig. 7. This clearly demonstrates that

the X-ray absorption is confined and the effect from scattering

can be neglected. Owing to the decrease in active area, the

efficiency decreases noticeably at a smaller pitch, making such

a scintillator impractical unless the fabrication can be

improved to give thinner walls. For a 0.75 mm pitch the active

area is 11% and the low signal level leads to an increase in the

R90W measure.

The linear fit between the pitch of the pores and the reso-

lution shows that multiple scattering is not prominent in

determining the lower limit of resolution.

4.2. Resolution versus efficiency

In most applications both high resolution and high effi-

ciency are required. From the simulations the efficiency of

structured scintillators with different spatial resolution has

been found. For unstructured scintillators, equation (3) has

been used to find the efficiency as a function of resolution. The

total efficiency is determined first by the X-ray absorption

through the scintillator thickness and second by the NA

through the size of the light cone that the lens collects from the

total sphere of emitted light.

Fig. 8 shows the efficiency versus resolution for both a

structured scintillator and an unstructured scintillator. Addi-

tionally, experimental data points from the literature have

been inserted. At high resolution the thickness of an

unstructured scintillator prohibits high efficiency, whereas the

efficiency of the structured scintillator stays at approximately

the same level for all resolutions. The graph thus illustrates the

resolution range that would benefit from the use of a struc-

tured scintillator. Two effects, however, are not considered in

the graph. Firstly, the depth of the pores are assumed to be the

same for all pitches, namely 100 mm. In practice, for a smaller

pitch the depth is foreseen to decrease and for a larger pitch

the pores could be made deeper. The second effect is from the

numerical aperture of the lens; in the graph, z and NA have

been adjusted to give the highest efficiency for a given reso-

lution, which in principle means that the highest possible NA

has been chosen which has been set to 0.4. While good 10�

lenses can be found with a NA of 0.4, lenses of lower magni-

fications will have a lower NA and hence lower collection

efficiency. The field of view for the 10� lenses of about 2–

3 mm will for most users be unsatisfactory at resolutions above

4–6 mm.

The effect of the NA gives both detectors less efficiency for

larger field of views but, where the unstructured detector

needs the lens to focus, the structured scintillator could be

positioned directly on a CCD with a matching pixel size,

thereby maintaining efficiency. Presently CMOS chips with a

pixel size of 2.5 mm are commercially available (Sony, 2007).

4.3. Energy

Simulations of the structured scintillator were performed

while varying the energy from 32.7 keV to 200 keV. The

resulting resolution as a function of energy is seen in Fig. 9.

The increased scattering and fluorescence associated with

higher energies are seen only to affect the 1 mm pitched

screens, and only above 100 keV. The discrete nature of the
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Figure 7
Spatial resolution versus the distance between pore centers in the
structured scintillator. Dashed lines are FWHM measures for 90 keV and
50 keV which are not discernible, circles and triangles are R90W measures
for 50 keV and 90 keV, respectively.

Figure 8
Efficiency versus resolution (R90W) for an unstructured scintillator (solid
line) and a structured scintillator (crosses). For comparison, experimen-
tally found points are inserted (stars) from Jung et al. (2002), Di Michiel et
al. (2005) and Koch et al. (2000).



fluorescence yield near the K-edges can be observed for the

pitch of 4 mm as an increase in the resolution at energies just

above the two K-edges at 33.2 keV and 36.0 keV, but the effect

is negligible for practical purposes. The resolution found with

a standard FWHM measure is seen to change less and only at

higher energies compared with the R90W measure that changes

for smaller increases in photon energy.

4.4. Three-dimensional detector

In order to estimate whether the additional noise in a

stacked detector would be detrimental to results, we simulated

a tomography set-up with three screens placed after each

other in the direction of the direct X-ray beam and placed

0.8 mm apart. The X-ray energy was 50 keV and the scintil-

lating screens had a 2 mm pitch and 50 mm thickness; scattering

events both in the forwards and backwards direction were

followed. In Fig. 10(a) a test image is shown. It has small and

large areas intermixed as well as a large dynamic range. These

features resemble the characteristic image from a 3DXRD

microscope. For comparison, the intensity of the third screen is

shown in Figs. 10(b) and 10(c) with a linear and a logarithmic

color map, respectively. As a result we found all scintillators to

show the same signal-to-noise ratio. The multiple scattering is

negligible for all practical purposes since the scattered X-rays

average out in the image to a level that they do not interfere.

5. Discussion and conclusions

The results presented clearly demonstrate the usefulness of

the RAWS algorithm. The minor discrepancies evident in Fig. 5

between MCNP and RAWS are most likely attributable to

simplifications in RAWS. However, the discrepancies suggest

that cross sections and stopping mechanisms are under-

estimated for RAWS compared with MCNP. Since a more

contained absorption would lead to less noise and better

resolution, the conclusions made from this code hold to the

extent that is presented in the following.
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Figure 10
Simulation of the three-dimensional detector with three screens. Intensity
map of the original image (a) and of the third screen (b, c). The scale in
(a) and (b) is linear, and in (c) it is logarithmic. The color bars indicate
intensity in arbitrary units. The background intensity level in the original
image is zero.

Figure 9
Resolution as a function of the X-ray energy for pitches of (a) 1 mm and
(b) 4 mm. Solid lines are R90W and dashed lines are FWHM measures.



The simulations demonstrate that the spatial resolution is

equal to the pitch of the structure, until sizes where the wall

structure comprises a major part of the scintillator screen. This

makes it worthwhile to pursue structured scintillator-based

detectors with a resolution of 1 mm as well as exploring

methods for achieving thinner walls. Since fabrication devel-

opment is not finished, the exact dimensions of obtainable

geometries are not known, but by using estimated geometries

significant increases in efficiency can be expected for resolu-

tions of less than 8 mm using the structured scintillator

approach. The efficiency gain with respect to the unstructured

scintillator design ranges from 5 to 15 for 8 mm to 1.5 mm,

respectively. With the advent of photodetectors with a pixel

size of a few micrometers, an approach where the structured

scintillator is attached directly to the CMOS or CCD chip

would, besides the increased efficiency, allow for a more

compact design of the three-dimensional detector. Finally, the

simulations show a resolution maintained for all energies up to

at least 100 keV.

The set-up used here for the three-dimensional detector was

generic in its nature; however, results indicate the feasibility of

the principle. The increase of efficiency using multiple screens

is inherent, while the implementation of super resolution

demands further development of post-processing programs;

however, the potential improvement is significant. Likewise,

simultaneous images from multiple distances to the sample

will give a decrease in the data acquisition time accordingly,

which is of relevance in kinetic experiments. Compared with

set-ups where a single detector is translated along the beam

which is used for both diffraction studies and holographic

techniques (Poulsen et al., 2001; Cloetens et al., 1999), the

three-dimensional detector set-up thus eradicates unnecessary

uncertainties from detector positions and from sample varia-

tions in time.
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