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Abstract 

Convergent beam diffraction coupling between a JEOL-100C scanning 
transmission microscope and an electron energy loss spectrometer is 
realised for the purpose of Extended Energy Loss Fine Structure 
(EXELFS) measurements. The working principle, the instrumentation for 
this coupling mode and some specific details, such as condenser system, 
shadow image, focusing conditions and measurement of convergent angles 
are described and discussed. The combination of a quadrupole and 
cylindrical lens for magnifying the image and increasing the dispersion of 
spectrum, together with a new type of compensation circuit for stray 
magnetic fields and the arrangement of the parallel recording system are 
also reported. 
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Introduction 

Electron Energy Loss Spectroscopy has proven to be a rather useful 
technique for thin foil microanalysis.^1! The electrons penetratmg the 
specimen in a transmission electron microscope are separated by a 
magnetic prism. The electron spectrometer and the recording system 
produce an energy loss spectrum displaying the scattering intensity as 
function of the kinetic energy lost by the incident fast electrons. Inelastic 
scattering of an incident electron arise from interaction with the electrons 
in outer shells of the atoms of the sample and give rise to the "low loss" 
region of the energy loss spectrum. This region contains information 
about plasmon excitation energies and inter- and intra-band transitions of 
outer shell electrons of the specimen. The details of the spectrum within 
about 25 electron volts from the threshold of the ionisation edge, called 
"near edge fine structure", contains information about chemical and 
electronic structure of the sample. The Extend Energy Loss Fine 
Structure (EXELFS) is modulations in the intensity of the inelastic 
electron scattering cross section extending over a region of several 
hundred electron volts above the ionisation edge due to the electron wave 
interference between the electrons of the ionised atom and that scattered 
back by the neighbouring atoms. Important information such as local 
bonding structure as well as interatomic distances can be derived from 
EXELFS measurements. 

Different requirements have to be met when recording different regions 
of the energy loss spectrum. The requirements for energy resolution, 
spatial resolution on the specimen, or signal intensity are different from 
case to case. In the case of "low loss" and near edge regions, the energy 
resolution is considered firstly in order to obtain more detailed features 
of the spectrum just above the edges. Attention is also paid to the 
modulations extending over some hundreds electron volts above 
ionisation edges (EXELFS) and in many cases it is rather difficult to 
obtain sufficient, signal intensity while detecting these modulations and 
hence optimising signal intensity is important. Compared to the similar 
techniques such as EXAFS (Extended X-ray Absorption Fine Structure), 
EXELFS has the clear advantage that it can be used for microanalysis^2! 
and thus the spatial resolution should also be considered. 
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In performing EXELFS measurements, the transmission microscope is a 
rather important component, and since most commercial transmission 
microscopes are not specially designed for the purpose of EXELFS 
measurements, this limitation must be taken into account when the 
microscope is used for this purpose. In this work, an EXELFS system 
attached to a JEOL-100C electron microscope using the convergent beam 
diffraction coupling is described, optimising both signal intensity and 
spatial resolution. 

Fig.l shows a schematic diagram of the EXELFS system used in our lab. 
It consists of a JEOL-100C transmission microscope with an ASID4D 
scanning unit, a double focusing electromagnetic sector and magnifying 
lenses, a parallel detection system using optical lenses coupled to a 
photodiode array, and an IBM PC-AT computer data acquisition system 
with programmable gate arrays.!4! 

The tungsten filament has been replaced by a lanthanum hexaboride 
(LaBé) thermionic emission cathode in the JEOL-100C microscope. The 
signal intensity and energy resolution of the system have thereby been 
improved significantly. The vacuum of the electron gun chamber in the 
microscope is monitored by high-vacuum meter, so that the LaBô 
filament can always be used under the proper vacuum conditions and 
therefore the lifetime of this filament exceeds about 8-10 times that of the 
tungsten filament. 

In this paper, some particular arrangements developed in our laboratory 
for the purpose of EXELFS measurement are also described, discussing 
the coupling mode between microscope and spectrometer, magnifying 
lens system, compensation of AC stray fields and recording system. 

Convergent beam diffraction coupling 

There are different ways of coupling the lens system of the microscope to 
the energy loss spectrometer.!4' 51 (i.e. the microscope lenses producing a 
crossover of electron beam at the object plane of spectrometer). 
Diffraction coupling occurs when the post specimen lenses of the 
microscope produce a diffraction pattern of a chosen area of the specimen 
at the spectrometers object plane. In order to obtain increased signal 
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Fig.l Schematic diagram of general arrangement of the EXELFS system 
using convergent beam diffraction coupling mode. 
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intensity and improved spatial resolution during the extended electron 
energy loss fine structure measurements, we have used convergent beam 
diffraction coupling, with small electron probe using the scanning 
transmission unit of the microscope. The CBD pattern is formed in the 
back focal plane of the objective lens as it is shown in Fig. 2. 

The convergent beam diffraction coupling is carried out by using the 
scanning accessory ASID4D of the JEOL-100C microscope. As showed in 
fig.3, two condenser lenses and the pre specimen field of the objective 
lens of the JEOL-100C transmission microscope act as a triple condenser 
system to create a highly convergent electron beam which illuminates 
only a small area of the sample. The diameter of the probe is varied by 
changing the current of the first condenser lens. In JEOL-100C, this 
current is controlled by the "spot size" knob of the scanning accessory. 
The second condenser lens, which has been modified to allow free control 
is used together with the second condenser aperture and the setting of the 
specimen height, to control the convergence angle of the beam. The 
objective lens can be treated principally as a two thin lenses system. The 
pre-specimen field of the objective lens functions as a third condenser 
lens and combined with the second condenser lens is used to focus the 
convergent beam precisely on the specimen. Once the beam passes 
through the specimen, a diffraction pattern will be formed in the back 
focal plane of the objective lens. The excitation of the intermediate lens 
which has been modified to allow free lens control is used to project the 
zero order disc of this CBD pattern to the object plane of the 
spectrometer. 

Alignment of the electron beam using CBD coupling 

After normal alignment procedure of the illumination system in 
conventional transmission mode, the microscope is set under the control 
of the scanning unit. In this case, the second condenser lens and the first 
intermediate lens are in the free lens control mode together with other 
controls for lenses and stigmators on the scanning accessory. When the 
"spot size" knob of the accessory is set for large respective small values, 
the "trans" knobs in scanning accessory and the "gun trans" knobs in 
conventional transmission mode are used to centre the beam respectively. 
The "trans" and "tilt" knobs on the accessory are employed to align the 
beam moving it in the centre of the screen for different excitations of the 
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Fig.4 Ray diagrams for shadow images. The incident convergent beam 
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field of the objective lens O2 and forms the shadow image A', B", C in 
the centre CBD disc. Fig. (a) and (b) show the cases of under focus with 
different Af (the distance between crossover of the beam and the 
specimen). Fig. (c) and (d) show the cases of over focus with different Af. 
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objective lens. The alignment of the intermediate lens is obtained by 
adjusting it mechanically in free control mode and by using the "trans" 
knobs in conventional transmission mode to centre the beam in the screen. 
When the axis alignment is satisfactory, the excitation of the first 
condenser lens ("spot size") and the objective lens are set to relative high 
values. By gradually changing the current of the second condenser lens, a 
convergent beam diffraction (CBD) pattern will appear on the screen of 
the microscope. The central spot in the normal diffraction pattern will 
expand under these concluons to a disc in the convergent beam 
diffraction mode. 

When the centre disc (zero order diffraction figure) of the CBD pattern 
is present on the screen, usually a shadow image [6] of a part of the 
specimen will also appear inside the disc, for a slight change of the second 
condenser lens excitation. As fig.4 shows, the incident convergent beam 
focused on point O forms an image in point O' through the post specimen 
field of objective lens O2. Since the beam is not focused on the specimen, 
Af (the distance between point O and the specimen ) is not zero. Points A, 
B, C in the specimen form image points A', B ' and C in the zero order 
diffraction disc located in the back focal plane of the post specimen 
objective lens field O2. A', B ' and C form the shadow image. Fig. (a) 
and (b) show the cases of under focus, when the focus point O is above 
the specimen. The same area of the shadow image corresponds to a 
smaller specimen area in case (b) than that in case (a), which means that 
the magnification of the shadow image becomes large when Af decrease. 
The situation is the same in the case of over focus shown in fig.3 (c) and 
(d). When the incident beam is focused on the specimen, Af=0, the 
magnification is approaching infinity and the shadow image disappears. 
Comparing fig.3 (a) and (c) reveals also that going from under focus to 
over focus, inverses the shadow image. 

The appearance of shadow image indicates that the incident beam is not 
exactly focused on the specimen, which in turn will effect both spatial 
resolution and intensity of the spectrum. Practically, the shadow image 
can be used to monitor if the convergent beam is focused on the 
specimen. After inserting a suitable condenser aperture for the 
measurement and careful alignment of beam axis, the free control knob 
of the second condenser lens is used to obtain a clear shadow image in the 
centre CBD disc on the microscope screen. Increasing the magnification 
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of the shadow image to obtain the beam cross over just above or below 
the specimen, the shadow image becomes larger, thereby allowing to 
position the probe more accurately on the specimen area desired for 
analysis. Adjusting the excitation of the second condenser lens until the 
shadow image disappears, and the centre CBD disc becomes bright, 
brings the illumination system ready for further operation. 

Selecting the convergence angle of the beam 

The first intermediate lens is used as the only post-specimen lens in order 
to couple the illumination lenses of the microscope to the electron 
spectrometer. The project lens is switched off during the measurements 
and the zero order disc of the CBD pattern is projected to the object plane 
of the spectrometer. The excitation of the first intermediate lens can be 
changed continuously over a suitable range and the first-order focusing of 
the spectrometer can thereby be adjusted. The objective lens aperture is 
then inserted to obtain the whole or some part of the zero order CBD 
pattern, thereby excluding other Bragg diffracted electrons. The 
intermediate lens transfers the bright disc from the back focal plane of 
the objective lens to the object plane of the spectrometer. The 
spectrometer is therefore diffraction coupled, the camera length beingit5! 

L=Minter-f, (1) 

where Minter is the magnification of the intermediate lens and f is the 
focal length of the objective lens. 

Normally, the specimen height in the objective lens, the excitations of the 
second condenser lens and the pre-field of the objective lens, together 
with the second condenser aperture, determine the convergence angle of 
the incident electron beam. In practise, after alignment of the axis of the 
microscope, the specimen height is not recommended to be changed, and 
the excitation of the second condenser and objective lens should be 
adjusted to obtain accurate focus on the specimen. The convergent angle 
of the incident beam is therefore more directly determined by the second 
condenser lens aperture. Since each spot in normal selected area 
diffraction mode becomes a disc in convergent beam diffraction mode, 
the diameter of the CBD disc is proportional to the convergent angle of 
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the incident beam. This angle is also the largest possible scattering angle 
suffered by the incident electron during scattering from the specimen and 
entering the zero order CBD disc. As shown in fig.5, the semiangle a 
between the incident beam and optical axis of the specimen can be 
calculated using equation:^ 

a _y 
ö b _ x , (2) 

where y is the diameter of CBD disc, x is the distance between the centres 
of the zero order disc and the first order diffraction disc, 0b is the Bragg 
angle which satisfies the diffraction condition for a certain crystal plane. 
In our experiments, the condition y/x =1/2 is often used. For graphite for 
example, this yields an angle oc=6.5 mrad when the incident electrons has 
100 keV kinetic energy. 

The equation of the possible energy resolution AE in the energy loss 
spectrum is:t5l 

(AE)2=(M-d0 /D)2+ (Cn T7D) 2

5 ( 3 ) 

where D is the dispersion power of the spectrometer, M is the 
magnification of the sector, d 0 the diameter of signal disc in the object 
plane of the spectrometer, and y the divergence semiangle of the electron 
beam entering the spectrometer. In our case, the entering aperture of the 
spectrometer is fixed, so the angle y is directly determined by the second 
condenser lens aperture which is used during the measurement. C n is the 
aberration coefficient which is a function of the appropriate nth-order 
matrix elements. Actually in our system, the magnification is fixed when 
the zero order CBD disc is projected from the back focal plane of the 
microscope objective lens to the object plane of the spectrometer. As it 
can be seen from equation (3) smaller diameter of the CBD disc and 
smaller entrance angle than that of the electrons scattered from the 
specimen will yield better energy resolution. However this condition will 
reduce the detected signal intensity and is therefore not recommended for 
EXELFS measurement. The proper working conditions have rather to be 
selected as a compromise between several factors, according to the 
practical experimental situation, such as signal to noise ratio, energy 
resolution and spatial resolution. For EXELFS measurements, the signal 
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Fig.6 The electron energy loss spectrum of graphite with extended fine 
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intensity is a rather important aspect since fine structure modulations with 
low amplitude oscillation are not always easy to detect. 

Combination of quadrupole and cylindrical Senses 

Electron-optical lenses magnifying the dispersion of the energy loss 
spectrum are necessary in an energy loss spectrometer system. After 
passing through the magnetic sector, electrons which are dispersed and 
focused according to their kinetic energy will hit the scintillator and 
produce light spots. Due to plural scattering of the high energy electrons 
with the crystal lattices of the scintillator, the light spots are broadened. It 
was estimated using Monte Carlo simulations that a light spot of about 40 
Jim in diameter is produced in CaF2 for lOOkeV incident electron. For an 
energy loss spectrometer, with a sector of 2 jim/eV dispersion and 25 jim 
centre to centre spacing between the diodes, the energy resolution will 
evidently be limited by the broadening of the light spot. Different types 
of lenses are therefore employed to magnify the dispersion of the system 
to overcome this limitation. Quadrupole lenses have the advantage of 
lower power consumption, no rotation and compact size and are therefore 
suitable candidates used for increasing the dispersion. On the other hand, 
a single quadrupole lens focuses electrons in one plane and defocuses in a 
perpendicular direction,[91 producing a "line spectrum". In order to 
magnify the spectrum and to make its size matching the photodiode array, 
several quadrupole lenses have to be used together to form a lens system. 
This requires very accurate machining, careful assembling and good 
alignment to achieve expected performance. A combination of quadrupole 
and cylindrical lenses is used in our EELS system. Since the photodiode 
array can be rotated 360 degrees, the combination of a single quadrupole 
lens and a cylindrical lens allows the dispersion to be increased effectively 
and has the advantage of easy alignment. In our system, the cylindrical 
lens implemented before the quadrupole lens magnifies the spectrum both 
in dispersion and non dispersion directions. The quadrupole lens is then 
aligned so that the magnification acts in the dispersion direction while the 
spectrum is demagnified in the perpendicular direction. This allows a 
optimal match between the energy loss spectrum and the photodiode 
array. This relative simple set up allows also the lenses to be easily 
adjusted for projecting the spectrum on the scintillator. 
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Compensation for stray magnetic fields 

The distortions introduced by stray magnetic fields can be a troublesome 
problem in energy loss spectrometry. It is not always easy to prevent 
these slow frequency fields affecting the measurements. Like in most 
cases, our magnetic sector is mounted just below the camera chamber of 
the microscope, The electric devices of the microscope: relays, 
transforms etc., even the coils of the sector and magnifying lenses, will 
introduce external fields consisting mainly of 50 Hz frequency and its 
harmonics. These fields can interfere with the electron beam and limit the 
energy resolution of the spectrum. A normal way to overcome this 
problem and to compensate for these slowly varying field components is 
to generate AC magnetic fields which have 180 degree phase difference 
compared with the stray fields and a proper amplitude, and then apply it 
to the spectrometer sector coil, or to a pair of dipole coils placed around 
the beam tube of the spectrometer.!5! Such correction circuits are 
functioning on the base of RC-net, which can change the phase and 
amplitude of the AC magnetic field components in order to compensate 
for the disturbing fields, by choosing proper values of the resistance and 
capacity in the RC-net. The disadvantage of these circuits is that the 
adjustment of phase and amplitude is not independent. Both the phase and 
amplitude will alter when only resistance or capacity in the circuit is 
changed. One must therefore align the two controls (resistance and 
capacity) simultaneously in order to obtain proper compensation. These 
compensators can only minimise the effects of the main-frequency of the 
stray field (for example 50 Hz ) but can not compensate for the higher 
harmonics. 

A new circuit shown in fig.6. has been designed and applied in our 
system. This active filter allows us to have independent adjustment of 
both the phase and amplitude. Having taken the main power supplier of 
the microscope and other parts of the system as the input signal of the 
compensatory circuit, the initial phase of the 50Hz AC power supplier can 
be followed by the compensator circuit all the time. The phase of this 
signal in the circuit can be changed from 0 to 360 degree without 
affecting the amplitude of the output signal during the adjustment process 
because of the negative feedback in the amplifying circuit. Moreover, the 
input of the AC signal is used to trig an oscillator to produce harmonics 
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Fig.7 The diagram of the AC stray field compensation circuit. 
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of main-frequency, so that the initial phase of this harmonic signal can 
have fixed phase difference in regard to the main power supplier and 
used for compensation. In our case, the compensation signal with a main-
frequency of 50 Hz and its harmonic 150 Hz is produced. Its phase can be 
aligned to have 180 degree difference of the phase of input power 
supplier, and the compensation signals are applied to a pair of dipole coils 
perpendicular to each other and placed around the beam tube. Actually, 
all the harmonics of the main-frequency can be compensated using this 
two dimensional compensation just by changing the output frequency of 
the oscillator. 

The recording system using three dimensional adjustable 
control table 

Two optical lenses are used to transfer the light signal from a YAG 
scintillator to the photodiode array. The "back to back" arrangement of 
these two lenses limits the aberration of the image produced during the 
signal transport. The first lens is aligned so that the scintillator is located 
on its front focal plane. The light signal is conveyed in parallel with the 
optical axis of the lens system into the second lens assuring good 
collection efficiency of the light emitted from the scintillator. The optical 
lenses are mounted on the special control table, which allows lens 
adjustments in three dimensions. This arrangement allows also two parts 
of the system, the spectrometer part (including the sector, magnifying 
lenses, compensator, electron tube) and the detection part (including 
optical lenses, photodiode array) to be separated from each other. This 
arrangement offers several conveniences. The spectrometer part is easily 
shielded by lead plates to stop the X-rays produced when the high energy 
electrons are hitting the scintillator. The spectrum displayed on the 
scintillator can be monitored during the whole process of alignment and 
recording. This can be rather valuable when the system is used for 
didactical purposes. The alignment of the recording system will not effect 
the spectrometer since there is no mechanical connection between these 
two parts. This configuration is also more easy and flexible to use for the 
further development of direct electron exposure. 

A practical example of applying this system to study a standard graphite 
specimen is shown in fig.7. ( Notes the extended modulations above the 
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carbon K-edge.) The kinetic energy of incident electrons is 100 keV, the 
convergent angle of incident beam is about 8 mrad, and the recording 
time is 8.8 seconds. 

Conclusion 

Convergent beam diffraction coupling between JEOL-100C scanning 
transmission microscope and parallel detection based electron energy loss 
spectrometer can be achieved by proper connection between condenser 
and objective lenses. The free control intermediate lens projects the 
centre part of the CBD pattern to the spectrometer object plane for the 
energy loss analyses. This mode meets the requirement of optimal signal 
intensity and spatial resolution required for EXELFS measurement. A 
combination of quadrupole and cylindrical lenses can be used to magnify 
the dispersion to improve the energy resolution. A new compensator with 
independent adjustment of phase and amplitude of the AC compensation 
signal corrects for the main-frequency and its harmonics of stray 
magnetic fields. The arrangement with three dimensional control table 
provides convenient alignment possibility and allowance for further 
developing of direct exposure detection. 

Reference 

[1] C. Colliex, Microsc. Microsanal. Microstruct., 2 (1991), 403. 
[2] S. Csillag, Ph.D. thesis, Stockholm University, (1980), 16. 
[3] B. Hovander, C. Böhm, IEEE Trans. Nucl. Sei., Vol. NS-37, 6 (1990), 2191. 
[4] D. E. Johnson, Scanning Microscope, SEM Inc., A.M. F. O'Hare, Illinois, Part 1, 
33. 
[5] R.F. Egerton, Electron Energy-Loss Spectroscopy in the Electron Microscope , 
Plenum Press, New York (1986). 
[6] J.W. Steeds, Introduction to Analytical Electron Microscope , ed. J.J. Hren, J.I. 
Goldstein and D. C. Joy, Plenum Press, New York and London (1979), 387. 
[7] J. B. Warren, Introduction to Analytical Electron Microscope , ed. J.J. Hren, J. I. 
Goldstein and D. C. Joy, Plenum Press, New York and London (1979), 369. 
[8] G. W. Grime, F. Watt, Beam Optic of Quadrupole Probe-Forming System , Adam 
Hilger .Ltd (1984). 


