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Abstract 
Position-sensitive detector systems, initially developed for the detection of X-rays, have been 
adapted for their use in electron emission channeling experiments. Each detection system 
consists of a 30.8×30.8 mm2 22×22-pad Si detector, either of 0.3 mm, 0.5 mm or 1 mm 
thickness, four 128-channel preamplifier chips, a backplane trigger circuit, a sampling analog to 
digital converter, a digital signal processor, and a personal computer for data display and 
storage. The operational principle of these detection systems is described, and characteristic 
features such as energy and position resolution and maximum count rate, which have been 
determined from tests with conversion electrons and β− particles in the energy range 40-
600 keV, are presented. 
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1. Introduction 
Position-sensitive semiconductor detectors for minimum ionizing particles have originally been 
pioneered by high-energy physics applications [1, 2], but have meanwhile found more and more 
applications, e.g. in astronomy [3], medical imaging [4] or chemical and biological structure 
analysis [5]. While most of the applications outside high-energy physics focus on X-ray 
detection, position-sensitive detectors (PSDs) for electrons are found scarcer. In this paper we 
report on PSD systems adapted to lattice location studies of radioactive atoms in single crystals 
by means of the electron emission channeling technique, an application in nuclear solid state 
physics. The emission channeling method [6, 7] is based on the fact that charged particles from 
nuclear decay (α, β−, β+, conversion electrons) experience channeling or blocking effects along 
major crystallographic axes and planes. The resulting anisotropic emission yield from the crystal 
surface characterizes the lattice site occupied by the probe atoms during decay. The sensitivity 
of emission channeling with respect to the required number of probe atoms can be up to 4 
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orders of magnitude higher than in conventional lattice location experiments using the 
channeling of ion beams [8]. Hence emission channeling is especially suited in order to study 
systems where conventional ion beam techniques cannot be applied due to a lack of sensitivity, 
and has found various applications in materials science. 

The simplest experimental approach to emission channeling is to rotate the single-
crystalli ne sample in front of a collimated particle detector by means of a goniometer, and 
measure the angular-dependent count rate step by step. Using this technique, a variety of lattice 
location experiments in metals and semiconductors have been carried out throughout the last 15 
years [6, 7]. However, emission channeling is more conveniently measured using PSDs with 
larger solid angles, which increases the detection efficiency by about two orders of magnitude. 
Additional advantages are that there is no need for high-precision computer-controlled 
goniometers, and that it is not required to normalize the counting time per angular position to 
the sample activity. In the case of MeV alpha particles, suitable PSD systems were developed 
already in the 1970s, applying the principle of resistive charge division (see, e.g., Refs. [2, 9]), 
and they are commercially available from several suppliers. The use of PSDs to detect MeV α 
emission channeling has already been reported in the literature [10-12]. However, α-emitting 
isotopes mainly exist, with a few exceptions, at masses above ≈150. On the other hand, β−, β+ or 
conversion electron emitters can be found for most elements of the periodic system, which 
makes position-sensitive detection of these particles very attractive. The PSD system described 
below has originally been developed [13] for X-ray applications in a Compton camera [14], but, 
with some modifications, turned out to be well adapted for electron measurements, and has been 
successfully used for conversion electrons of energies 40-250 keV and β− particles up to 
600 keV [15-22]. 

 
2. Requirements to PSDs for electron emission channeling 
Conversion electrons are emitted from excited nuclear states and have discrete energies, 
typically of the order of 30-300 keV. In order to discriminate contributions from different 
isotopes or nuclear states and to subtract the background due to backscattered electrons, an 
energy resolution better than 10 keV is highly desirable for conversion electron experiments. 
For β− and β+ particles, which have continuous spectra with end point energies in the range of 
several hundred keV to several MeV, background correction is not feasible anyhow and a worse 
energy resolution can be tolerated. 

An important characteristic in channeling experiments is the relative angular resolution 
∆θ/θ. Using a PSD it is limited by both the position resolution σd of the detector and the 
resolution σb due to the size of the radioactive spot on the sample. The latter is referred to as 
“beam spot” since emission channeling samples are usually produced by ion implantation. 
Approximately,  

 
∆θ/θ  ≈  ∆θ d/s  ≈  1/d (σd

2 + σb
2)1/2 d/s    ≈  (σd

2 + σb
2)1/2 /s         (1), 

 
where θ is the opening angle of the detector with respect to the sample, which is approximately 
given by s/d, where s is the linear dimension of the detector and d the distance towards the 
sample. A natural limi t to the detector's position resolution σd is the lateral straggling of the 
electrons in the detector itself. Its magnitude is comparable to the thickness required to 
completely stop all electrons, which in Si is around 7 µm at 30 keV, 350 µm at 300 keV, 
900 µm at 600 keV, and 2 mm at 1 MeV [23]. The beam spot resolution, σb, on the other hand, 
is usually limited by the fact that samples are produced by ion implantation of radioactive 
isotopes where beam spots much smaller than 1 mm are difficult to achieve. If a relative angular 
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resolution better than, say, 10%, is required, it is easily derived from the above equation that 
this demands for detectors with at least cm dimensions and mm or better position resolutions.  

An additional requirement for electron PSDs is an entrance window which is sufficiently 
thin (less than a few µm) to let the electrons penetrate into the detector without excessive 
energy loss and straggling. Many PSDs that are optimized for X-rays do not meet this demand. 
Finally it should be taken into account that electron detectors have to be operated in vacuum. 
Unless actively cooling the device this puts limits on the tolerable heat generation within the 
detector and the readout electronics in its proximity. 

While Si drift detectors [24] or Si charged coupled devices (CCDs) for nuclear 
applications [24-26] are also well suited for the position-sensitive detection of conversion 
electrons, as has been demonstrated recently [27], existing prototypes are still rather expensive. 
Note that multi-channel plates, which are frequently applied as PSDs for X-rays or keV ions [3], 
are not suited due to their complete lack of energy resolution.  

 
3. Layout of the detector and readout electronics 
 
3a) Detector design 
The Si pad sensors [13] have been fabricated by the Swiss Center for Electronics and 
Microtechniques CSEM [28] and by the Norwegian company SINTEF [29]. The sensors have a 
square shape with 30.8×30.8 mm2 sensitive area and 484 pads. Single pads (1.4×1.4 mm2) are 
defined by photolithography. The wafers are n-type material with a resistivity of 5 kΩcm. Boron 
implantation (60 keV) is performed through a 500 Å thick implantation oxide with a dose of 
5×1014 cm−2. The gap between implanted pads is 40 µm. The ohmic back side of the sensor is 
prepared in such a way that the entrance window for electrons, defined by the n+ implant depth 
and the thickness of the Al contact, is rather shallow to minimise charge loss in these layers. The 
backside of the sensor is implanted with phosphorus at 60 keV through a 500 Å thick 
implantation oxide at a dose of 3×1015 cm−2. Simulation of this implantation process gives a 
profile with the n+ doping concentration falli ng off f rom about 3×1020 cm−3 to zero at a depth of 
about 3000 Å. 
Metal contacts in metal layer 1 on top of the p+ implant area are implemented by sputtering of 
Al with a thickness of 0.5 µm. A thick oxide (~5 µm) is formed on top of the metal 1 layer. 
After etching vias through the thick inter-metal oxide insulator, a 3 µm thick Al layer is 
sputtered on top of the thick oxide (metal 2). This metal layer serves to make ohmic contact to 
the metal 1 pads. By photolithography a narrow line pattern, with line width of 7 µm, is defined 
on the metal 2 layer. These lines connect the p+ implants to the bond pad arrays arranged on the 
four sides of the detector. The 128 bond pads have a size of 60×120 µm2 each, with a transverse 
distance of 50 µm, and are arranged in two rows. These bond pad arrays match the bond pads 
on the readout chips. The p+  pad area is surrounded by a p+ guard ring. An oxide passivation 
layer of 2 µm thickness is applied to the pad side of the sensor. The area above the bond pads is 
opened by photolithography and etching. After removing the intermediate oxide protection layer 
the n+ side is covered with a 500 Å thick Al layer by evaporation. The Al layer is sintered at 
420°C for 60 min in N2/H2 gas mixture.   
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Fig. 1: Layout of the detector front side, showing the Al contacts leading to the 484 pads, from 
Ref. [13]. 

 
3b) Readout electronics 
The detection systems are equipped with four VA 1 readout chips [30] which are further 
developments of the VIKING chips [31-33] and are similar to the VA 3 chips described in Ref. 
[34]. Among the family of VA chips we have chosen for the VA 1 type because this chip offers 
for our detectors the best compromise between dynamic range (±10 MIPS) and average noise 
(≈170 e− + 7 e− /pF). Each chip consists of 128 preamplifier channels with multiplexed readout 
electronics realized in 1.2 µm metal-oxide semiconductor very-large scale integrated (CMOS 
VLSI) technology and is connected to 121 pads on one of the four edges of the Si pad detector 
as shown in Fig. 1. The detector and the four VA readout chips are mounted on a hybrid with a 
50-pin connector to the external signal and power lines. The n+ backplane electrode of the 
detector is connected to a charge sensitive amplifier which employs a high transconductance 
input field effect transistor (FET) to match the high capacitance of the sensor backplane [13]. 
The discriminated output of this amplifier drives the backplane trigger electronics. For the use in 
channeling experiments the whole hybrid, including detector, VA readout chips and the 
backplane preamplifier circuit, is mounted within a high-vacuum chamber (<10−6 mbar) and 
connected to the external electronics and power supplies by electrical vacuum feedthroughs. A 
simplified block diagram of the detector and readout chain is presented in Fig. 2, and the timing 
of the readout sequence in Fig. 3. 
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Fig. 2: Simplified block diagram of the detector and readout chain, from Ref. [18]. 
 

Within the VA chips, each channel has its own preamplifier, shaper and sample/hold 
circuit. If the backplane pulse amplitude exceeds the threshold voltage of an externally set lower 
level discriminator, which is realized as a zero-crossing peak finding nuclear instrument module, 
the readout sequence is started in a digital signal processor (DSP). As DSP we use a 
Motorola 56001, programmed in assembler language. After a delay which corresponds to the 
picking time of the VA chips (1.5-2 µs) the DSP generates the hold signal which stores the 
analog information of each channel into its sample/hold circuit. At the same time the DSP sets 
internal and external blocking signals so as to prevent the system from accepting another trigger 
until the present readout cycle is completely finished. This procedure is also necessary in order 
to ignore fake backplane trigger pulses caused by pickup of the clock signals. The multiplexed 
readout of all channels is based on a Shift_in bit chained through all the chips, which during the 
readout cycle enables one of 512 channels to place its analog information on differential lines, 
one at any given clock pulse. With the first clock pulse sent to the first VA chip the DSP 
module sends the Shift_in bit which enables the first channel in the chain to be read out. The 
sampling analog to digital conversion of the DC signal that is delivered from the selected VA 
channel to the input of the ADC, takes place on the falling edge of the clock pulse. Following 
every A/D conversion, the digitized result is transferred to the DSP. The readout cycle for one 
event ends when the last of the 512 VA chip channels has been processed. In addition to 
controlling the overall timing, the DSP also performs the following analysis of the event during 
and immediately following the readout cycle: 
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Fig. 3: Detector readout sequence in simplified form (only one chip with four channels shown). 
 
1. The average DC offset of each VA channel, the so-called pedestal, is tracked and updated by 
a low pass filter with a time constant of 16 events. The pedestals are subtracted from the 
readout of every channel. 
2. Following the subtraction of the pedestals, the DC offset common to all channels of the same 
chip, the so-called common mode, is calculated for this event. To remove the influence of noisy 
channels and of particle signals, the four channels with the largest (most positive) and the four 
channels with the smallest (most negative) output are excluded when determining the common 
mode. The common mode is then also subtracted from the readout of every channel. 
3. Following subtraction of pedestals and common mode, the root mean square (rms) noise 
σchannel_track is tracked for each chip channel separately and updated by a low pass filter with a 
time constant of 16 events. 
4. The rms noise averaged over all the signals belonging to the same chip, σchip_event, is computed 
for this event and its track value, σchip_track, also updated by a low pass filter with a time constant 
of 16 events. Like for the common mode the four most positive and negative signals are 
excluded.  
5. As a first selection threshold, the signal of every channel is compared to the chip noise 
σchip_event of this event. Only channels which are above the threshold T1 σchip_event (usually T1=3 is 
chosen) are considered for output. 
6. As second selection threshold, the signal height of these channels is compared to the 
corresponding channel noise and, if above T2 σchannel_track, it is finally marked for output. 
7. All channels marked for output as well as those that are in direct neighbourhood are passed to 
the PC by means of direct memory access (DMA). The common modes and the average chip 
and channel noises, σchip_track and σchannel_track, are passed there, too. 

On the PC a specially designed data acquisition and display program is running. Besides 
visualising energy and position spectra, and device parameters such as chip noises, channel 
noises, etc. the program allows to write event by event to the PC hard disk in list mode. For 
debugging and testing purposes, all the information transmitted from the DSP can be saved to 
disk. For the routine acquisition of channeling patterns, we found it in most cases sufficient, as 
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will be shown below, to save only the signal with maximum amplitude and the address of the 
corresponding pad, requiring 9 Bytes per event.  
 
4) Detector performance 
Three types of detectors, with thickness of 0.3 mm, 0.5 mm and 1 mm, were tested. The 0.3 and 
0.5 mm thick devices could be fully depleted by applying bias voltages of 100 and 130 V, 
respectively. The pn junction being on the p+ implanted front side of the detectors, these two 
detectors were used in the fully depleted state with the backside facing the sample. This 
configuration was preferred since the Al contact (500 Å) on the backside offers a thinner 
entrance window than the thick oxide (5 µm) that covers most of the pad side. In addition, the 
backside is less sensible to stray light and easier to clean from eventual dust. The 1 mm thick 
detector, on the other hand, could not be fully depleted without developing excessive noise, 
hence it had to be used with the pad side facing the sample. 
 
4a) Energy range and resolution 
The output buffer of the VA1 chip saturates at ±30 fC, which corresponds to an energy 
deposition of 680 keV in Si, and only electron energies up to approximately 400 keV can still be 
measured with linear response. The lower energy limit of detection, around 40 keV, is posed by 
the abili ty to discriminate low-pulse-height events from the relatively noisy backplane trigger 
signals. This is discussed in more detail in section 4b). 
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Fig. 4: Gamma energy resolution for a single pad (a) compared to the integrated energy 
resolution of the whole detector following gain-correction (b). The lower level threshold was set 
at 47 keV. 
 

Each channel within the VA chips represents a separate amplifier with varying DC offset 
and gain. Channel to channel gain variations can be as high as 10% within a single chip. As was 
described above, the DC offset is removed already during data acquisition by means of pedestal 
subtraction. In order to define an integral energy resolution of the whole device, every channel 
must also be corrected for its gain. The gains are obtained by analyzing, separately for every 
pad, the energy spectrum of a single line gamma or electron source. The procedure is 
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straightforward and has been described in detail earlier [13]. Following proper gain correction 
the contribution of gain variations to the integrated energy resolution is small. This can be seen 
by comparing the typical single pad resolution for the 59.537 keV gamma source 241Am 
[Fig. 4(a)], which is around 3.0 keV full width half maximum (FWHM), to the integral energy 
resolution of the whole device for which we obtained 3.3 keV [Fig. 4(b)].  

The energy resolution of each pad is influenced by the following factors: leakage current 
and capacity of the pad, electronic noise, time walk of the trigger, and effects due to incomplete 
energy deposition. For β particles in addition the energy loss and straggling in the detector 
entrance window must be taken into account. The contributions due to leakage current, capacity 
and electronic noise can be obtained from the rms value σchannel_track of the noise calculated 
during data acquisition for the pads without hits. Typical rms noise levels per pad were 
σchannel_track = 0.8-1.1 keV. By using the relation FWHM = 2.35 rms, we conclude that this 
represents a contribution of 1.9-2.6 keV to the energy resolution and hence accounts for most 
of the photon energy resolution at 60 keV. The remaining difference we attribute mainly to the 
time walk between the backplane signal (which triggers the hold procedure on the VA chips) 
and the actual charge collection process in the pads and preamplifier chips. 

Incomplete energy deposition results either from processes where particles escape from 
the detector without depositing their full energy (e.g. backscattered electrons) or from events 
where the generated charge is shared between several pads. The backscattering of electrons is a 
common phenomenon in radiation detection [2] and the fraction of electrons backscattered from 
Si is expected to be around 12-14% in the energy range 50-500 keV [35]. As a consequence of 
backscattering, the energy spectrum of a monoenergetic electron source shows an asymmetric 
“full energy” peak, which is broadened in comparison to the photon response, and a pronounced 
tail stretching to lower energies.  

The influence of charge sharing events on the energy resolution was studied in more 
detail using the 150 keV and 199 keV conversion electrons from the isotope 167mEr (Fig. 5). For 
these energies, on average 2.7 keV and 5.4 keV, which correspond to 1.9% and 2.8% of the 
total charge, were deposited outside the pad that received the highest charge. The degradation 
of the energy resolution due to the charge sharing, however, was found to be not very 
pronounced at these energies. A “maximum hit only” spectrum, i.e. a spectrum that considered 
only the signals from the pads that received the highest charge per event (the normal mode of 
operation), showed energy resolutions of 5.7 keV and 5.8 keV at 150 keV and 199 keV, 
respectively [Fig. 5(a)]. On the other hand, an “isolated hit” spectrum, i.e. a spectrum where 
those events were rejected in which the charge on one or more pads directly neighbouring the 
pad with maximum charge was greater than the mean noise of the event, σchip_event, showed only 
slightly improved energy resolutions of 5.4 keV and 5.6 keV [Fig. 5(b)]. Since the charge that is 
lost on neighbouring pads increases with electron energy, charge-sharing events are also 
responsible for some non-linearity in the energy response. The effect of charge-sharing can be 
removed from the energy spectrum to a large extent by, instead of only considering the signal 
from the pad that received the highest charge, adding the charge from the eight surrounding 
pads [Fig. 5(c)]. However, this procedure is subject to the noise in a total of nine pads and 
hence the energy resolution deteriorates considerably to 8.1 keV at 150 keV and 7.8 keV at 
199 keV. In practice, the influence of charge sharing events on energy resolution and linearity 
does not represent a serious drawback for channeling measurements. 
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Fig. 5: Energy spectrum of 167Tm recorded with the 0.3 mm thick detector, showing the 
conversion electron lines at 48.0, 55.9, 150.3, 198.9 and 206.0 keV. Spectrum (a) recorded only 
the signal from the pads that received the highest charge (normal mode of operation), (b) shows 
a spectrum where charge-sharing events were rejected, and (c) a spectrum where the charge 
sum from 9 pads was considered. Note that spectrum (a) and (b) have been shifted vertically for 
clarity. 
 

The energy loss of electrons in the detector entrance windows depends on the 
configuration in which the detectors are used. In the configuration where the backside faces the 
sample, the entrance window consists of 500 Å of Al and up to 3000 Å of n+ doped Si only. 
Using the energy calibration from the 59.537 keV gammas, a downward shift of 1.5 keV of the 
full energy peak of 63.6 keV electrons from 197mHg was observed. The contribution to the 
energy resolution from energy loss straggling in the entrance window is therefore negligible in 
this configuration (note that for higher electron energies the energy loss in the entrance window 
becomes even smaller). For detectors used with the pad side facing the sample, there are more 
pronounced effects. In this case the entrance window consists of 5 µm of SiO2, 0.5 µm of Al 
and around 3000 Å of p+ Si. Here, the observed shift in the full energy electron peak was 10.3 
keV at 53.5 keV and 5.0 keV at 138.6 keV.  
 
4b) Position resolution 
Apart from the shape and size of the pads, the position resolution of the detector is also 
influenced by the lateral straggling of the electrons leading to events where the charge is shared 
among several pads. This effect has been studied in more detail (Fig. 6) using the continuous β− 
spectrum of 67Cu with electrons up to 577 keV energy. As can be seen, the fraction of charge 
deposited on neighbouring pads is less than 5% up to 300 keV, less than 8% up to 400 keV, but 
rises quite sharply at higher energies. For the typical low to medium energy β− emitting isotopes 
in the emission channeling studies, however, this does not represent a serious problem since only 
a small fraction of betas receive energies in excess of 300 keV, e.g. for 67Cu only 8%, for 59Fe 
(461 keV endpoint energy) 4.9%.  
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As a simple maximum likelihood approach, we have chosen to consider the pad which 
received the highest charge as the point of electron impact, which avoids checking for multiple 
hits. In order to achieve maximum position resolution one could in principle identify the charge 
sharing events and exclude them from the data analysis or even data acquisition. However, this 
would either require saving all information from every event on disk in order to do an off-line 
analysis, or to implement the analysis procedure in the DSP program. While the former would 
require storing hundreds of Megabytes instead of a few MB per channeling pattern, the latter 
would decrease the maximum count rate considerably. 
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Fig. 6: Fraction of total charge deposited on pads neighbouring to the pad which received the 
highest charge. The electron energy was calculated from the charge sum of the events. Note that 
the fraction is overestimated above 400 keV due to the non-linearity of the energy scale 
introduced by the gain saturation of the preamplifier chips. 
 
4c) Maximum count rate 
The characteristic feature limiting the count rate of the detection system is the backplane trigger 
technique which requires to read out all 512 chip channels per event and to process all the data 
by the DSP in order to locate the particle impact. We used an ADC capable of a maximum 
sampling rate of 1 MHz, which allowed setting the processing time for consecutive conversions 
to 1.2 µs. The algorithm of the DSP program for the on-line data analysis and selection was 
optimised so as to take advantage of the 1.2 µs processing time during which the ADC is busy. 
For the readout of 512 channels, the selection and the transfer of meaningful data to a PC, the 
DSP needs on average about 2 ms, so the entire count rate can reach at maximum 400-500 Hz. 
In practice, due to the random nature of the incoming particles, saturation was achieved around 
250 events/s. This is sufficient, however, for typical emission channeling experiments using 
long-lived radioactive isotopes with half-lives of several hours and above. 

As was already mentioned, the backplane triggering technique also severely limits the 
detection efficiency at lower energies. This is due to the fact that the noise of the backplane 
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signal is dominated by the capacity and leakage current of the whole detector. Hence it is not 
possible to trigger on signals with less than 35 keV energy without saturating the maximum 
count rate by noise and receiving less than 1% of real events.  

It is aimed to overcome the two principle shortcomings of the backplane triggering 
technique, i.e. count rate limitations and low energy detection efficiency, by using completely 
self-triggering preamplifier chips [32, 34]. These allow reading out only those pads which have 
actually received a signal. Not only should this increase the maximum count rate to around 
20 kHz, it is also expected to lower the accessible energy range to 10-15 keV.  
 
5) Channeling measurements 
As has been mentioned above, samples for emission channeling experiments are usually 
produced by ion implantation into single crystals. In our case we use CERN's on-line isotope 
separator facili ty ISOLDE [36] for that purpose. ISOLDE provides a wide variety of 
radioactive isotopes as mass-separated 60 keV ion beams. However, the beams are only focused 
to a few mm, and spots of 1 mm diameter can usually only be achieved with a loss of 60-70% 
on a collimator in front of the sample. Therefore, while the detection efficiency of our pad 
system is 484 times higher than in conventional experiments not using position-sensitive 
detection, the overall experimental efficiency (including both isotope collection and 
measurement) is only roughly 150 times higher. This is due to the fact that conventional 
detection techniques can work with larger beam spots without loss of angular resolution, and 
hence do not require collimating the beam during implantation.  

For typical electron channeling experiments an angular range of 6°×6° is sufficient, 
which allows to analyze the angle-dependent emission yield within ±3° in two dimensions 
around a channeling axis. With respect to the pad detector size of s=30 mm, a distance of 
d=285 mm between sample and detector has been chosen. Taking into account that the root 
mean square, σ, of a constant probabili ty distribution of width w is given by σ = 0.289 w, we 
derive rms position resolutions of σd=0.38 mm due to the 1.4 mm size of the pads, and 
σb=0.29 mm due to the size of the beam spot. Using eq. (1), we therefore arrive at an overall 
angular resolution of ∆θ=0.095°, which allows to resolve typical electron channeling patterns, 
where the width of axial and planar effects is around 1-2°. Figures 7 and 8 show as two 
examples the <111> channeling patterns resulting from the radioactive isotopes 167mEr and 67Cu 
in Si. In the case of the isotope 167mEr, the pattern results from the sum of the conversion 
electrons at 150 keV, 199 keV and 206 keV, in the case of 67Cu, from the integral β− intensity in 
the range 97-577 keV. 

In order to clearly identify the lattice positions occupied by the probe atoms and to 
derive quantitative information on site fractions, the experimental patterns are compared to 
theoretical yields for a variety of different lattice sites by means of a fitting procedure. For that 
purpose, computer simulations of the angular emission yields of electrons are carried out. The 
concept of electron emission channeling simulations is based on the dynamical theory of electron 
diffraction and is described in detail in Ref. [6, 7]. The simulations result in site-characteristic 
two-dimensional patterns of electron emission probabili ty, χtheo(θ,φ), where θ and φ denote polar 
and azimuthal angles from the axis. These patterns are smoothed using a Gaussian of σ = 0.06° 
to account for that part of the experimental angular resolution which is due to the 1 mm beam 
spot on the sample. The size and shape of the detector pads, however, is taken into account 
during fitting by averaging over the simulated yield falli ng within the angular range 
(0.26°×0.26°) of one pad. Theoretical emission patterns are fitted to the experimental yields, χex, 
according to  
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χex (θ,φ) = S [ƒ1 χtheo,1(θ,φ) + ƒ2 χtheo,2(θ,φ) + ƒ3 χtheo,3(θ,φ) + 1 - ƒ1- ƒ2- ƒ3]     (2), 
 
where S is a scaling factor common to all angles in one pattern, and ƒ1, ƒ2 and ƒ3 denote the 
fractions of emitter atoms on up to three different lattice sites. The random fraction, ƒR = 1-
(ƒ1+ƒ2+ƒ3), accounts for emitter atoms which cause negligible anisotropies in emission yield, i.e. 
which are located in sites of very low crystal symmetry or in heavily damaged or amorphous 
surroundings. In principle up to seven fit parameters, S, ƒ1, ƒ2, ƒ3, x0, y0 and φ0, may be 
simultaneously optimized using non-linear least square fitting routines. While the parameters S, 
x0, y0 and φ0 are always allowed to vary in order to provide correct normalization of the 
experimental spectra and to achieve optimum translational and azimuthal orientation with 
respect to the detector, usually only one or two different site fractions, ƒ1 and ƒ2, are 
considered. 

Three detection systems are in routine use for emission channeling experiments at 
CERN’s ISOLDE facili ty. The majority of experiments focuses on the lattice location of 
implanted rare earth (e.g. 143Pm, 167Tm, 169Yb) and transition metal (59Fe, 67Cu, 111Ag) probe 
atoms in semiconductors such as Si, Ge, diamond, SiC, GaAs, InP, GaN, AlN and ZnO. These 
systems are of considerable technological interest. Rare earth atoms have a great potential as 
optical dopants [37-39]. Emission channeling experiments using 167mEr gave the first direct 
evidence that implanted Er occupies near-tetrahedral sites in Si [15] (Fig. 7). Transition metals 
represent widespread contaminants in Si processing, acting as deep centers which can cause the 
failure of devices [40-42]. In the III -V semiconductors, on the other hand, transition metals are 
beneficially used in order to convert n- or p-type crystals to semi-insulating material [43]. By 
means of β− emission channeling it could be unambiguously proven that implanted Cu occupies 
near-substitutional sites in Si [17, 19], which represents the first detailed lattice location 
experiment of Cu in a semiconductor. A further project is the study of High-Tc superconductors 
and related oxide materials. It is known that doping with Hg can raise the critical temperature 
for superconductivity, Tc, of YBa2Cu3O6+x by up to 10 K [44]. Combined emission channeling 
and perturbed angular correlation (PAC) experiments have shown that the radioactive isotope 
197mHg is incorporated on the so-called Cu(1) sites in YBa2Cu3O6+x [45]. 

Up to now, the detection systems have been applied successfully in emission channeling 
experiments using the following isotopes: 24Na, 45Ca, 59Fe, 67Cu, 67Ga, 73As, 73Se, 86Rb, 89Sr, 
107Cd, 109Cd, 115Cd, 111Ag, 111In, 121Sn, 139Ce, 141Ce, 143Pr, 147Nd, 149Pm, 149Gd, 153Sm, 155Eu, 
155Tb, 167Tm, 169Yb, 170Lu, 181Hf, 195mHg, 197mHg, and 203Hg. Even in the case of the medium 
energy β− emitting isotopes  24Na (endpoint energy 1389 keV),  111Ag (1035 keV), 143Pr 
(935 keV) and 89Sr (1495 keV) it was found that the detectors responded with sufficient 
position resolution for lattice location measurements. 
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Fig. 7: <111> emission channeling pattern from the conversion electron emitter 167mEr in Si. 
From this data together with the <110> pattern (not shown) it was concluded that Er is 
incorporated on near-tetrahedral sites in Si [15]. 
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Fig. 8: <111> emission channeling pattern from the β− emitter 67Cu in n+-Si, incorporated on 
substitutional sites. 
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Conclusions 
While the pad detectors were initially developed for X-ray applications, our successful tests and 
channeling measurements show that they are also very suitable for the position-sensitive 
detection of electrons. The presented devices represent a great advance in measuring electron 
emission channeling effects from isotopes with half-lives longer than a few hours, increasing the 
overall experimental efficiency by roughly two orders of magnitude. The detection systems have 
already found wide applications for lattice location experiments in semiconductors, oxides, and 
High-TC superconductors. In the future, we expect to improve the lower limit of the accessible 
energy range, the trigger efficiency at low energies and the maximum count rate by using 
completely self-triggering readout chips. 
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