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a b s t r a c t 

Ray tracing is used to find improved set-ups of the projector system of a JEOL ARM 200CF TEM/STEM 

for use in coupling it to a Gatan 965 Quantum ER EELS system and to explain their performance. The 

system has a probe aberration corrector but no image corrector. With the latter, the problem would be 

more challenging. The agreement between the calculated performance and that found experimentally is 

excellent. At 200 kV and using the 2.5 mm Quantum entrance aperture, the energy range over which the 

collection angle changes by a maximum of 5% from that at zero loss has been increased from 1.2 keV 

to 4.7 keV. At lower accelerating voltages, these energy ranges are lower e.g. at 80 kV they are 0.5 keV 

and 2.0 keV respectively. The key factors giving the improvement are an increase in the energy-loss at 

which the projector cross-over goes to infinity and a reduction of the combination aberrations that occur 

in a lens stack. As well as improving the energy-loss range, the new set-ups reduce spectrum artefacts 

and minimise the motion of the diffraction pattern at low STEM magnification for electrons that have 

lost energy. Even if making the pivot points conjugate with the film plane gives no motion for zero- 

loss electrons, there will be motion for those electrons that have lost energy, leading to a false sense of 

security when performing spectrum imaging at low magnifications. De-scanning of the probe after the 

objective lens is a better way of dealing with this problem. 

© 2017 Elsevier B.V. All rights reserved. 
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. Introduction 

It is a pleasure to contribute to this Festschrift in celebration of

he work of Ondrej Krivanek (OLK). He started his research career

t the Cavendish Laboratory at a similar time to that at which one

f the authors (AJC) started his. OLK’s interest then was on conven-

ional HRTEM whereas AJC was working with the first production

G Microscopes HB5 scanning transmission electron microscope

STEM) and its electron energy-loss spectrometer. This was in the

arly days of what is now known as STEM-EELS. When OLK moved

o Berkeley, he became involved in developing an EELS spectrome-

er. This led to him to joining Gatan, where it was commercialised.

hile at Gatan, he was instrumental in developing a post-column

nergy filter and then an EELS spectrometer with parallel readout,

 PEELS spectrometer. His experience of using computerised sys-

ems to set up and tune the filter led to his starting NION to apply

his expertise to aberration corrected STEM. 

With the HB5 at the Cavendish Laboratory, the probe angle, α,

sed was in the range 4 to 16 mrad, and was much bigger than
∗ Corresponding author. 

E-mail address: ian.maclaren@glasgow.ac.uk (I. MacLaren). 
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he collection angle, β , which was in the range 1 to 2.5 mrad.

hus a large fraction of the available signal was lost. When AJC

oved to Glasgow, the group there acquired an HB5 with three

ost-specimen lenses. These lenses allowed the scattering distribu-

ion leaving the specimen to be compressed into the small accep-

ance angle of the EELS spectrometer giving β > α and typically in

he range 12.5 to 25 mrad. This gave much greater signal collection

fficiency for EELS. 

During the period that the PEELS spectrometer was being de-

eloped at Gatan, IBM Research Laboratories Almaden acquired

n HB5 with the same optical arrangement as that in Glasgow.

JC spent a short period at Almaden helping to set-up the post-

pecimen optics. It was hoped that the PEELS spectrometer system

ould be ready to be demonstrated on this HB5 during his visit.

hile this did not happen as planned, the striking results subse-

uently obtained by Krivanek and Paterson [1,2] on the Almaden

nstrument made use of this post-specimen lens set-up. 

This brief historical introduction leads directly onto the sub-

ect of the current paper, which is the optimisation of the post-

pecimen optics for STEM-EELS. Whether the STEM is a very pow-

rful (and very expensive) dedicated STEM or a very powerful

and very expensive) TEM/STEM, the coupling between it and the
ost-column EELS spectrometer on a TEM/STEM by optimising the 
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very powerful (and very expensive) EELS system is provided by

the post-specimen optics. In a TEM/STEM column, this consists of

the objective lens post-field and the projector system. In a system

without an image aberration corrector, a modern projector system

typically consists of four lenses. In addition, there can be a “mini-

lens” in the back-bore of the objective lens. 

Originally, the projector system in a TEM was designed and op-

timised to give: 

• high magnification imaging; 
• an image at the selected area aperture plane; 
• diffraction patterns with low radial and spiral distortion. 

As the systems evolved and more lenses were added to give

higher magnification, other features could be added e.g. rotation-

free imaging, rotation-free diffraction. All of these features are de-

signed for electrons that have lost no (or very little) energy. 

In one area of application, the low magnification imaging of

thick specimens, the effect of energy-loss was considered. Here the

projector system could be set up to give zero change of magnifi-

cation and zero change of rotation with energy-loss significantly

improving the imaging of thick specimens at low magnifications 1 

[3] . 

When studying energy-loss events themselves, there are two

modes in which the spectrometer system can be operated, the en-

ergy filtered TEM mode (EFTEM) or the electron energy-loss spec-

troscopy mode (EELS). 

In EFTEM, an image or diffraction pattern is present on the

spectrometer entrance aperture. A spectrum is formed in the dis-

persion plane of the sector magnet and a slit is used to define the

energy range that can pass into the subsequent multi-pole optics.

This optics is used to reconstruct the image or diffraction pattern

present at the entrance aperture on the spectrometer camera. 

Thus, in EFTEM mode, only a relatively narrow range of ener-

gies is required to pass through the system. Moreover, the extra

high tension (EHT) of the microscope is altered so that a given loss

passes through the post-specimen optics and filter with the same

energy as the zero-loss electrons i.e. to image electrons that have

lost 1 keV of energy, the EHT is raised by 1 keV. Thus all of the

careful optimisation of the post-specimen optics and the filter is

preserved. 

In EELS, the dispersion plane of the spectrometer is imaged

onto the spectrometer camera in the form of a line image at a

magnification to give a spectrum with the required dispersion.

Since the spectrum contains a wide range of energy-losses, all

these electrons must pass through the system at the same time,

irrespective of their energy-loss. The greater the energy-loss, the

stronger each optical element becomes. Thus the change in the

properties of the post-specimen optics must be considered. 

When used in the normal STEM-EELS mode, there is a diffrac-

tion pattern on the spectrometer aperture. This is termed image

coupling by Egerton [4] since the object for the spectrum is an im-

age of the specimen. In this mode, the chromatic effects in the op-

tics resulting from energy-loss include: 

• change of camera length; 
• change of the axial position of the final cross-over of the pro-

jector system, which is referred to as the PL cross-over below; 
• change of the radial and spiral distortion of the diffraction pat-

tern; 
• change in the projector system alignment. 

Each of these effects can result in a change of the collection

angle with energy-loss, with a corresponding effect on the partial
1 One of the authors (AJC) heard that the Philips EM400 had a lens series with 

these properties in a talk given by Philips in about 1979. 
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ifferential cross-section required for quantification. This will af-

ect the result of quantification when using theoretical differential

ross-sections in the normal way i.e. where the collection angle is

ssumed to be independent of energy-loss and equal to that mea-

ured for zero-loss electrons. 

It is now possible to measure accurate experimental differential

ross-sections [5,6] . Provided the data they are used to quantify

re taken on the same instrument under the same conditions, the

hromatic effects cancel out. However, to use them on a different

nstrument, or to compare them to theoretical cross-sections calcu-

ated in the way outlined above, then it is important to understand

nd minimise the change of collection angle with energy-loss. 

Craven and Buggy [7] analyse such chromatic effects in a VG

B5 dedicated STEM with post-specimen lenses. Several authors

8–10] analyse the effects of energy-loss in the projector lenses of

 CTEM but concentrate on their effect on the energy resolution.

itchmarsh and Malis [11] consider the effects on collection effi-

iency for a CTEM column but assume that the aberrations of the

ntermediate lenses play no role. Yang and Egerton [12] find that

he intermediate lenses dominate the effects in a CTEM column. All

f this early work on CTEM projector systems is for camera lengths

n order of magnitude greater than those required to accept the

robe angles used in instruments equipped with probe correctors.

t these shorter camera lengths, the effects are much more severe.

his paper investigates these effects in detail. 

A given camera length can be obtained with more than one set-

p of the projector system. The resulting chromatic behaviour will

epend on the particular set-up and this depends on how the in-

ividual lenses behave. If a lens forms a real image and the next

ens is beyond this image, the image acts as a real object for that

ext lens. Here the first lens is said to be in Mode R. However, if

he next lens is before the image position of the first lens, then

he image acts as a virtual object for the next lens. The first lens

s said to be in Mode V. If the first lens forms a virtual image, this

irtual image acts as a real object for the next lens and the first

ens is said to be in Mode V’. 

If all lenses in the projector system are in Mode R, the cam-

ra length increases with increasing energy-loss as seen in Mode II

f the Craven and Buggy paper [7] . (In that paper, the effects are

escribed in terms of the angular compression of the projector sys-

em, which is inversely proportional to the camera length). How-

ver, if the projector lenses have some V and/or some V’ modes,

t is possible to make the camera length decrease with energy-loss

s seen in Mode I of Craven and Buggy [7] . The reason for this is

hat, as the lens in the V or V’ mode increases in strength because

f the energy-loss, the rays move closer to the axis in the subse-

uent lens. Thus they are less strongly focussed by the subsequent

ens even though it has become stronger. 

These calculations also show that, at one camera length in

ode I, the change of camera length with energy-loss is zero to

rst order. That this occurs is not surprising since it is the equiva-

ent of achieving zero change of magnification with energy-loss in

maging. The reason that there is only one camera length at which

his occurs in their setup is that it only has two degrees of free-

om. Designing the projector system so that there is a fixed final

ross-over position adds one constraint, allowing a range of cam-

ra lengths to be obtained. Requiring the camera length to be in-

ependent of energy-loss adds a second constraint, which means

hat this can only be achieved at a single camera length. 

This leaves no degrees of freedom to achieve other desirable

eatures such as: 

• a range of camera lengths which are independent of energy-

loss; 
• zero radial distortion for zero-loss electrons; 
• zero radial distortion independent of energy-loss; 
ost-column EELS spectrometer on a TEM/STEM by optimising the 
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2 In an ideal system, this is equivalent to focusing the diffraction pattern onto 

the film plane. However, since the area illuminated on the specimen is so small, 

defocus of the pattern causes no loss of detail in the pattern since each point in 

it has effectively only one “ray” passing through it. Thus some relaxation of this 

constraint can be beneficial, as discussed later in the paper. 
• imaging the STEM pivot points to the spectrometer aperture so

that the diffraction pattern does not scan at low STEM magni-

fication for zero-loss electrons; 
• imaging the pivot points to the aperture independent of

energy-loss; 
• minimising the change in the power dissipated in the projector

system when the camera length is changed. 

Even with the extra two degrees of freedom provided by the

our lenses in the projector system of a modern TEM/STEM, there

re not enough degrees of freedom to achieve all of these features

nd so the best compromises must be sought. 

Below, the performance of the projector system of a commer-

ial, high performance TEM/STEM equipped with an EELS system

s compared for different set-ups. The specimen height and the ob-

ective lens excitation are kept constant so that the probe forming

ptics is unchanged. The specimen is conjugate with the selected

rea diffraction (SAD) aperture plane. Thus, only the excitations of

rojector system lenses are changed. 

. Experimental methods 

The system under investigation is a JEOL ARM 200CF fitted with

 probe corrector, a cold field emission gun and a Gatan 965 Quan-

um ER spectroscopy system. The Quantum is equipped with fast

ualEELS and spectrum imaging [13,14] . 

For the work in this paper, the system is operated at 200 kV.

he probe half angle, α, is 29 mrad, giving sub- ̊Angström resolu-

ion. To give good collection efficiency for EELS, the spectrometer

ust have a collection half angle, β , which is greater than α. The

alue of β is 36 mrad when using the 2.5 mm spectrometer aper-

ure and this is given by a camera length of approximately 2 cm at

he film plane. 

In line with JEOL notation, the first three of the four lenses in

he projector system are called intermediate lenses (IL1, IL2 and

L3) while the final one is called the projector lens (PL). There is an

perture immediately after the PL (the PL aperture). This aperture

as a small diameter and separates the poorer vacuum in the de-

ector chamber from the better vacuum in the column liner tube.

o avoid this aperture limiting the field of view, all the TEM magni-

cation modes and normal camera lengths have the PL cross-over

n (or very close to) the plane of the PL aperture. 

The Quantum is set-up to use this PL aperture plane as its ob-

ect plane. However, as will be seen below, it is necessary for the

L cross-over to move out of the PL aperture plane to achieve

he short camera lengths required for STEM-EELS. The quadrupoles

receding the magnetic sector of the spectrometer are then used

o refocus the spectrum. 

In STEM-EELS, there is a diffraction pattern on the Quantum en-

rance aperture. To investigate the influence of the projector set-up

n these diffraction patterns, they are recorded on an Orius camera

rior to the Quantum aperture. A Si [001] specimen is used. Pat-

erns are taken with the specimen oriented on this pole and also

ilted off it by ∼23 ° towards [111]. The former are used to measure

he camera length and estimate the 3rd order distortion. The latter

an be used to investigate the distortion in more detail. Three suc-

essive exposures of each pattern are made (with exposure time

ncreasing by a factor of 5 for each exposure) and merged together

sing a standard high dynamic range photography approach (simi-

ar to that of Evans and Beanland [15] ). In this way, good signal to

oise ratio is obtained over the whole angular range. This acquisi-

ion is performed using a custom script provided by Dr Bernhard

chaffer of Gatan GmbH ( http://dmscript.tavernmaker.de/ ). 

To see how the patterns change with energy-loss, a procedure

imilar to that used by Yang and Egerton [12] is adopted. The EHT

f the microscope is changed using the EHT offset function pro-
Please cite this article as: A.J. Craven et al., Getting the most out of a p

optical coupling, Ultramicroscopy (2017), http://dx.doi.org/10.1016/j.ultr
ided for EFTEM. This covers a range from + 3 kV to −3 kV. Apply-

ng this offset leaves the excitations of the lenses unchanged. Thus

f the EHT is lowered, the post-specimen ray paths correspond to

hose for electrons that have lost the corresponding amount of en-

rgy. Raising the EHT gives the ray paths for electrons that “gain”

nergy. While this does not happen to any significant degree in

ractice, it is useful for studying the properties of the projector

ystem. 

However, the pre-specimen optics is also changed so that the

robe must be re-focused on the specimen using the condenser

ystem. This causes the probe half-angle (and hence the size of

he diffraction discs in the pattern) to change, the sign of the

hange depending on which condenser lens used. Thus, in prin-

iple, the change could be made zero by using a combination of

re-specimen lenses to refocus the probe. 

Yang and Egerton [12] observe shifts in the position of the

iffraction pattern with energy-loss. In principle, these shifts can

lso be measured here. In practice, the results prove inconclusive

ecause there are also effects from the re-focussing of the probe

nd from the procedure required to do this. 

To show the corresponding spectrometer behaviour, spectra are

ecorded from a Si specimen using the camera view mode with

 dispersion of 1 eV per channel and both the 2.5 and the 5 mm

uantum apertures. The camera view mode is the 2D image of the

pectrum on the UltraScan camera of the Quantum. The energy-

oss is in the horizontal direction. In the vertical direction, the po-

ition is a function of the position of the ray in the entrance aper-

ure i.e. the diffraction pattern here. The actual spectrum is given

y summing the camera view over this direction. Offsets of 0.25, 1,

 and 3 keV are used with the DualEELS system to give a camera

iew covering the range from −0.2 keV to 4.848 keV. 

To compare the EELS performance of two of the projector set-

ps in detail, DualEELS is used to record spectrum images (SIs)

rom the same region of a MoO 2 powder sample on a holey

arbon film. The Quantum aperture is 2.5 mm. The dispersion is

.5 eV/channel, the low loss integration time is 100 μsec and the

igh loss integration time is 200 ms. The region covered by the SI

as a range of thickness so that spectra at a number of thicknesses

an be extracted and compared. 

. Ray tracing 

With four projector lenses, there are very many ways of achiev-

ng a given camera length. Thus, first order ray tracing is used to

dentify set-ups which give: 

• the same camera length as the standard microscope set-up. 
• zero change of camera length with energy-loss; 
• zero (or small) change of the position of the PL cross-over for

zero loss electrons; 
• the pivot points of the scan conjugate with the film plane 2 ; 

The first condition ensures that future data is compatible with

ast data. The second condition gives no (in practice, a small)

hange of collection angle with energy-loss. The third condition

aintains the spectrum focus. The fourth condition keeps the

iffraction pattern stationary to first order on the film plane as the

robe is scanned, at least for zero-loss electrons. 

This process uses matrix multiplication of a series of free space

ropagation matrices and first order lens matrices. The propagation
ost-column EELS spectrometer on a TEM/STEM by optimising the 
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Fig. 1. The off axis positions of 1st order rays versus their axial position for zero-loss (solid line) and 1 keV loss (dashed line) electrons leaving the specimen with a slope of 

10 mrad. a) Set-up A; b) Set-up B; c) Set-up C. The specimen is on axis at an axial position of zero and the ray moves rapidly off-axis in the very short distance between the 

object and the objective lens. For a given energy-loss, the ray paths prior to IL1 are the same in all three set-ups because the specimen position and objective lens excitation 

are held constant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Lens modes for Set-ups A, B and C. 

Set-up Loss (keV) OL IL1 IL2 IL3 PL 

A 0 R V’ V R R 

1 R V R V’ R 

B 0 R V’ R V’ R 

1 R V R V R 

C 0 R V’ R V R 

1 R V R V R 
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matrix converts the off-axis position of the ray and its slope at the

start to that after a propagation distance of x ( Eq. 1 ). 
∣
∣
∣
∣

1 x 
0 1 

∣
∣
∣
∣

(1)

The first order lens matrix converts these values immediately

before a thin lens of focal length, f , to those immediately after it

( Eq. 2 ). 
∣
∣
∣
∣

1 0 

−1 / f 1 

∣
∣
∣
∣

(2)

The focal lengths are related to the lens properties and lens cur-

rents using finite element field calculations and standard electron

optical integrals [16] . The lens currents are parameterised in terms

of the excitation parameter V R /( NI ) 2 where V R = V [1 + ( eV /2 m o c 
2 )].

V is the accelerating voltage, N is the number of turns in the lens

winding, I is the lens current, e is the charge on the electron, m o is

the rest mass of the electron and c is the speed of light. To make

a correction for the difference between the ideal value of NI and

that found in practice, the focal length of each projector lens is

measured 

3 and the ideal value of NI is scaled to match the ex-

perimental one. The loss rays can be traced by changing the exci-

tation parameters of the lenses appropriately. The focal length of

the objective lens (OL) is that appropriate for the CTEM mode of

operation and its focal length is changed using the corresponding

chromatic aberration coefficient, C c . 

For the standard 2 cm camera length provided for the ARM,

called Set-up A below, Fig. 1 a shows the 1st order ray paths for

zero-loss electrons (solid line) and for 1 keV loss electrons (dashed

line). The rays leave the specimen on axis with a slope of 10 mrad

and so they move rapidly off-axis before being bent back towards

the axis by the strong objective lens. This section of the trajectory

between the object and the objective lens is not clear in Fig. 1 due

to the short distance between them. In Set-up A, the PL cross-over

is ∼8 mm beyond the PL aperture. Table 1 analyses the lenses in

terms of the lens modes introduced above (R, real image formed

before the next lens, V, real image formed after the next lens, V’,

virtual image). It is interesting to note that the configuration for

IL1, IL2 and IL3 (i.e. V’ VR) in Set-up A is the same as that in Mode

I of the paper by Craven and Buggy [7] . 

The loss of 1 keV of energy makes a large difference to the ray

paths and modifies the lens modes but has little effect on the final
3 The method of measuring the focal length of a projector lens makes use of 

the fact that, if the lens of interest focuses a point image into the centre of a sub- 

sequent, thin lens, the second lens has no effect on the paraxial rays whatever its 

strength. Thus adjusting the strength of the first lens until variation of the strength 

of the second lens makes no difference to the final image identifies the image plane 

of the first lens as the position of the second lens. Combining this with the posi- 

tion of the object plane (e.g. the selected aperture plane, if this is conjugate with 

the specimen) allows the focal length of the first lens to be found. 

t  

l  

t  

t  

d

 

i  

s  

r  
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lope. This means that the camera length is independent of energy-

oss to a good approximation over this energy range. 

However, at larger energy-losses, there is a significant change in

he camera length with energy-loss and this causes a correspond-

ng change in the collection angle for EELS. As will be seen below,

here are also issues with the cut-off of the diffraction pattern and

he corresponding behaviour of the spectrum in the camera view. 

The most promising sets of lens values identified by the search

rocess are then investigated in the ARM and each optimised to

ive the best performance. The set-ups that give the best perfor-

ance in practice have their performance measured in detail. Two

re considered here. The lens values in Set-up B have been chosen

o image the pivot points to the plane of the film camera while

hose in Set-up C have been chosen with this constraint relaxed

lightly. Figs. 1 b and c show the equivalent ray paths for Set-ups B

nd C respectively and Table 1 gives the lens configurations. 

To understand the behaviour fully, the chromatic aberration and

he spherical aberration have to be included in the ray tracing. For

he OL, the spherical aberration coefficient, C s , and chromatic aber-

ation coefficient, C c , are known for its standard excitation. Since

he projector lenses are relatively weakly excited, thin lens approx-

mations work well. From Haine and Cosslett [17] , C c can be taken

s equal to f while C s is related to f and the sum of the gap, S , and

he bore diameter, D , of the lens by 

C s 

f 
= 

5 f 2 

( S + D ) 
2 

(3)

For stronger lenses, C c becomes smaller and C s becomes larger

han these approximations. 

The chromatic aberration means that f becomes f ′ =
( f − C c �V R / V R ) . Spherical aberration means that f ′ is a func-

ion of the distance off-axis, r , at which a ray passes through the

ens. Thus f ′ becomes ( f ′ − C s r 
2 / f 

′ 2 ) where C s is appropriate for

he value of f ′ . These values can be put into Eq. 2 and used to

race the rays for different slopes of the ray at the specimen and

ifferent ener gy-losses. 

Fig. 2 shows the zero-loss rays in Set-up A that leave the spec-

men on-axis with slopes in 20 mrad increments. The right hand

ide of the figure represents the diffraction pattern. The dashed

ays are those that leave the specimen with a slope of less than
ost-column EELS spectrometer on a TEM/STEM by optimising the 
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Fig. 2. Rays traces for zero-loss electrons leaving the specimen on-axis with slopes 

in increments of 20 mrad when using Set-up A. As the slope of the ray at the spec- 

imen increases, the dashed rays increase their downward distance from the axis 

after the PL. The thick black ray leaves the specimen with a slope of 200 mrad and 

has the greatest downward distance from the axis after the PL. Thus it forms the 

cut-off of the diffraction pattern if it is not intercepted by the PL aperture. The thin 

solid black rays leaving the specimen with slopes greater than 200 mrad are folded 

back inside the cut-off after the PL and some eventually re-cross the axis. 
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4 Whenever electrons hit the edge of an aperture, they generate secondary elec- 

trons with very low energy. If the aperture is within the accelerating structure, 

these secondary electrons are accelerated down the column. Their energy is lower 

than the majority of the electrons by an amount corresponding to the difference in 

the potential of the emitter and the aperture. Thus they appear as a loss peak in the 

EELS spectrum. With the JEOL cold field emission gun, peaks from the first and/or 

second anodes may be seen, depending on the particular settings of the gun. Their 

source can be verified by comparing the energies of the peaks with the voltages on 

the electrodes. 
00 mrad. After the PL, these rays increase their distance from

he axis in the downward direction as their initial slope increases.

hus, in the diffraction pattern, their distance from the axis in-

reases with slope, as expected. However, as the slope approaches

00 mrad, the aberrations cause the separation of the rays to de-

rease. The ray leaving the specimen with a slope of 200 mrad (the

hick black ray) is the one that arrives at the diffraction pattern

t the maximum downward distance from the axis. Thus it will

orm the cut-off of the diffraction pattern provided that it is not

ntercepted by the PL aperture (see below). The thin solid rays are

hose leaving the specimen with slopes higher than 200 mrad and

hese are folded back towards the axis after the PL and the rays

ith highest angles eventually re-cross the axis. As will be seen

elow, all three of the set-ups show similar behaviour but the ac-

ual slopes and the effect of the PL aperture differ from set-up to

et-up. 

. Results and discussion 

.1. Camera views and diffraction patterns 

Fig. 3 shows a montage of the camera views for the three

et ups. They are recorded in 2.048 keV sections with offsets of

, 0.25, 1, 2 and 3 keV. Also shown in Fig. 3 are diffraction pat-

erns recorded with EHT offset using 0.5 keV steps. A smoothing

lter and a Laplacian filter are applied to the patterns so that the

hole angular range is visible. No angular calibration is provided

s both the camera length and the distortion change through the

eries, which is the key message. The circles on the diffraction pat-

erns represent the 5 mm Quantum aperture and its diameter cor-

esponds to 144 mrad for zero-loss electrons. The vertical dashed

ines provide the energy scale for the camera views and also iden-

ify the energy-loss of each diffraction pattern. Larger versions of

ome of the diffraction patterns are provided in Figure S1 in the

upplementary material. 

In the camera view, there are real features: the zero-loss peak

ZLP), the plasmon peaks (not labelled), the Si L-edges, the Si K-

dge and the peak from the stray electrons that are generated by
Please cite this article as: A.J. Craven et al., Getting the most out of a p

optical coupling, Ultramicroscopy (2017), http://dx.doi.org/10.1016/j.ultr
he first anode in the gun (A1). 4 In addition, there are discontinu-

ties where two sections of the camera view are joined i.e. at 0.8,

.8 and 3.8 keV. For example there is a discontinuity in intensity at

.8 keV and this is required because of the change of intensity with

nergy loss. However, there is also a discontinuity in the width in

he vertical direction. Such a discontinuity cannot be caused by the

rojector system since the change in width is observed at the same

nergy-loss. Such discontinuities are the result of chromatic effects

n the Quantum system itself, which cause the intensity band to

arrow across the field of view. This narrowing is clearly seen in

he range from 0.8 to 2.8 keV. However, as the offset changes, the

idth at a particular position in the field of view decreases only

ery slowly (see Figure S2 in the supplementary material). Thus, at

.8 keV in Fig. 3 , where the right hand edge of the camera view

ith an offset of 1 keV is joined to the left edge of a camera view

ith an offset of 3 keV, a discontinuity in width occurs. The rea-

ons for such chromatic effects in the spectrometer are not con-

idered in this paper. 

It is clear that the diameter of the cut-off of the diffraction pat-

ern decreases with energy-loss in all three set-ups and that this

iameter is smallest for Set-up A and largest for Set-up C at a given

nergy-loss. As the energy-loss increases, the diameter of the pat-

ern becomes comparable with that of the 5 mm Quantum aper-

ure, as in the case of the pattern for a 3 keV loss in Fig. 3 a (Set-up

). At even higher energy-loss, the pattern falls entirely inside the

perture. 

.2. The change of camera length with energy-loss 

The experimental camera lengths are obtained by measuring

he separations of the (400), (040), (440) and ( 4 ̄4 0 ) Kikuchi lines

lose to the centre of the diffraction patterns taken with the spec-

men oriented on the [001] pole. NB the change in the size of the

entral disc with energy-loss is not related to the change of cam-

ra length but is the result of re-focusing the probe with the con-

enser mini-lens. 

The equivalent camera lengths on the Orius camera can be ob-

ained from the ray tracing by setting C s to zero. The lens strengths

sed in the ray tracing are adjusted so that the camera lengths ob-

ained match the experimental ones over the experimental energy-

oss range. These lens strengths are used for all subsequent results

n this paper. 

The results are shown in Fig. 4 . For all three set-ups, the camera

ength goes through a maximum at some energy-loss. The curva-

ure of the data decreases on going from Set-up A to Set-up B to

et-up C. Thus, with Set-ups A and B, the camera length is a maxi-

um at zero-loss but the change of energy loss required to cause a

iven decrease in camera length is bigger for Set-up B than for Set-

p A. However, for Set-up C, the camera length initially increases

ith energy loss and only starts to fall for energy losses greater

han ∼2.2 keV. 

Even though Set-up B has greater curvature than Set-up C, the

act that the maximum occurs at zero-loss means that it gives a

early constant camera length out to 1 keV. On the other hand,

et-up C gives a slightly smaller camera length at zero-loss while

iving a very constant camera length over the energy range from 1
ost-column EELS spectrometer on a TEM/STEM by optimising the 
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Fig. 3. Montages of camera views recorded with the 5 mm Quantum aperture and associated diffraction patterns corresponding to a set of energy-losses at 0.5 keV intervals. 

a) Set-up A; b) Set-up B; c) Set-up C. The vertical dashed lines provide the energy scale for the camera views and identify the energy-loss of the diffraction patterns. The 

circles on the diffraction patterns correspond to the diameter of the 5 mm Quantum aperture, which corresponds to 144 mrad for zero-loss electrons. The arrows point to 

examples of the bright edge caused by the fold-back of the diffraction pattern in Setups A and B. A smoothing filter and a Laplacian filter are applied to patterns so that the 

whole angular range is visible. Larger versions of the patterns are given in Figure S1 in the supplementary material. N.B. The increase in the size of the central disc is due 

to the change of the excitation of the condenser mini-lens when re-focusing the probe and not indicative of the change of camera length. 

Fig. 4. Comparison of camera lengths on the Orius camera from experiment (points) and from ray tracing (lines) as a function of energy-loss. a) Set-up A; b) Set-up B; c) 

Set-up C. The lens strengths in the ray tracing have been adjusted to give agreement between the experimental and traced values. 
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to 3 keV, making it suitable for use at higher energy-losses. How-

ever, in this case, the collection angle measured at zero-loss will

have to be corrected to that applicable in the 1 to 3 keV range for

the most accurate work. Thus the choice of which set-up to use

will depend on the specific system being investigated. It is possi-

ble to shift the energy-loss at which the maximum of the camera

length occurs and so the set-up can be further tailored to meet the

experimental requirements. 
l  

l  

t  
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f  
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.3. The maximum diameter of the diffraction pattern and its 

ariation with energy-loss 

The cut-off diameter seen on the Orius camera is determined

y two competing effects. Fig. 2 shows that, in the absence of a

L aperture, aberrations determine the slope of the ray for which

he cut-off diameter of the diffraction pattern occurs. However, the

resence of the PL aperture will set the maximum slope of a ray

eaving the specimen that can reach the Orius camera. This may be

arger or smaller than the limiting slope set by the aberrations. In

he former case, the aberrations will set the cut-off and in the lat-

er case it will be the PL aperture. Fig. 5 shows the limiting slopes

rom these two effects as functions of energy-loss. The solid line
ost-column EELS spectrometer on a TEM/STEM by optimising the 
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Fig. 5. Cut-off ray slopes at the specimen from aberration (solid lines) and the PL aperture (dashed lines) versus energy-loss. a) Set-up A; b) Set-up B; c) Set-up C. The left 

and right hand edges of the corresponding zero-loss diffraction patterns on the Orius camera are shown inset. Where the solid line is below the dashed line, the edges of 

the pattern should have a bright edge resulting from the fold-back. 
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Fig. 6. Comparison of the diffraction pattern cut-off diameters versus energy-loss 

for the three set-ups. The experimental diameters are shown as points and those 

from ray tracing as lines. The labels show the set-ups. 
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s the limit set by aberration and the dashed line that set by the

L aperture. Where the solid line is below the dashed line the pat-

ern folds back at the edge. If the solid line is above the dashed

ine, the PL aperture prevents such fold-back. 

Fig. 5 a predicts significant fold-back for Set-up A. The left and

ight hand edges of the on-pole, zero-loss diffraction pattern are

hown inset. The bright edges show that fold-back is present.

ig 5 b predicts a small amount of fold-back in Set-up B. The left

and edge in the inset shows fold-back but the right hand side

oes not and this is presumably the result of a slight misalign-

ent of the projector system. Fig. 5 c predicts no fold-back over

he energy-loss range from −1 to 3 keV in Set-up C. Its absence at

ero-loss is confirmed by the inset. 

When fold-back is present in the diffraction pattern, it should

lso show up in the camera view of the spectrum when the size

f the diffraction pattern approaches and becomes smaller than

hat of the 5 mm Quantum aperture. Fig. 3 a and b do show bright

op and bottom edges to the intensity band e.g. those at the top

re indicated by arrows. However, these bright edges extend to

ower energy-losses, where the diffraction patterns are significantly

arger than the 5 mm Quantum aperture. Thus they must be caused

y aberration effects within the spectrometer itself. However, in

ig. 3 a, these bright bands become stronger for losses of 3 keV or

reater and this is confirmed by vertical line profiles through the

and (see Figure S3 in the supplementary material). This increase

n the edge intensity is due to the whole pattern, with its fold-

ack, entering the 5 mm aperture. A similar effect can be seen at

igher energy-losses in Fig. 5 b but is absent in Fig. 5 c. 

The cut-off slopes in Fig. 5 allow the positions of the cut-off

iameters on the Orius camera to be predicted. The corresponding

xperimental diameters in pixels are obtained by fitting circles to

he edges of the diffraction pattern and these are converted to mm

sing the 9 μm pixel size of the Orius camera. The results from

xperiment and ray tracing are shown in Fig. 6 . The agreement is

ery good and the experimental behaviour with energy-loss is well

eproduced by the ray tracing. 

.4. Radial distortion in the diffraction pattern and its variation with 

nergy-loss 

The cut-off of the diffraction pattern by the aberrations is the

esult of radial distortion in the pattern. This can be analysed in

ore detail by examining the positions on the Orius camera of the

ays with different initial slopes at the specimen. The radial dis-

ortion is the difference in the position of the actual ray and that

redicted by the first order camera length. For a single round lens

ith only third order aberrations, the radial distortion is third or-

er. However, in a stack of such lenses, each with third order aber-

ations, combination aberrations cause distortions with higher or-

er odd powers. 

Fig. 7 shows the distances of the rays from the centre of the

ero-loss diffraction patterns on the Orius camera as functions of
Please cite this article as: A.J. Craven et al., Getting the most out of a p

optical coupling, Ultramicroscopy (2017), http://dx.doi.org/10.1016/j.ultr
heir slopes at the specimen. The vertical dotted lines are the max-

mum slopes that will pass through the PL aperture. Plots for other

nergy losses are given in Figure S4 of the supplementary material.

To fit the distortions obtained from the ray tracing, 3rd 

, 5th,

th and 9th order distortions must be included. The contributions

f the various orders of distortion are shown as a stacked series

f dashed plots i.e. the line with the label “1” is the contribution

f the linear camera length while that with the label “1,3” is the

ombination of the camera length and the 3rd order distortion and

o on. The curve with the label “1, 3, 5, 7, 9” is the total fit and lies

ver the black line for the actual positions, giving a light blue/black

ashed line. It can be seen from the plots that the 3rd and 7th

rder distortions are positive while the 5th and 9th order distor-

ions are negative. In Fig. 7 a and b, the position follows the linear

amera length up to relatively high slopes and then drops below

t indicating low radial distortion in the centre of the pattern and

egative radial distortion as the edge is approached. Thus, for Set-

ps A and B, there appears to be a correlation between the energy

t which the central radial distortion is low and that at which the

aximum camera length occurs. 

In Fig. 7 c (Set-up C), the position initially rises above the linear

amera length before dropping below it at higher slopes indicat-

ng positive radial distortion in the centre of the pattern turning to

egative radial distortion as the edge is approached. 

Fig. 8 shows the zero-loss diffraction tilted off the [001] pole

y ∼23 ° towards [111] and is recorded using Set-up C. The pattern

as had a smoothing and a Laplacian filter applied. The scale of

he pattern is given by the 2 ̄2 0 Kikuchi band running through the

ero disc. Its width is 13 mrad. In the central region of the pat-

ern, the Kikuchi lines curve away from the centre of the pattern

howing positive radial distortion but, as the edge of the pattern

s approached, the curvature gradually changes sign showing that
ost-column EELS spectrometer on a TEM/STEM by optimising the 
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Fig. 7. Plots of the distance of a ray from the centre of the diffraction pattern versus its slope at the specimen (black dashed line). The other dashed lines show the 

contributions of distortions of various orders as a stacked set i.e. 1 corresponds to the linear camera length; 1,3 is the combination of the effect of the linear camera length 

and the 3rd order distortion and so on. The vertical dotted line the limit set by the PL aperture. a) Set-up A; b) Set-up B; c) Set-up C. The circles in c) are experimental 

measurements from the diffraction pattern in Fig. 8 . 

Fig. 8. Zero-loss diffraction pattern with the sample tilted off the [001] pole by 

∼23 ° towards [111] obtained using Set-up C. A smoothing and a Laplacian filter are 

applied. The field of view is 1800 pixels (16.2 mm) wide on the Orius camera. The 

scale of the pattern is given by the 2 ̄2 0 Kikuchi band running through the zero disc. 

Its width is 13 mrad. 
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negative radial distortion is starting to dominate in agreement with

Fig. 7 c. Patterns recorded at other energy-losses and for the other

set-ups are shown in Figure S5 in the supplementary material and

show agreement with the predictions in Figure S4. Figure S4 in the

supplementary material also shows Set-up C has zero radial dis-

tortion in the central zone for an energy-loss slightly greater than

1.5 keV, which is close to the energy of the maximum in the cam-

era length in Fig. 4 c. Thus the correlation between low distortion

and maximum camera length is also present in this set-up. 

In Fig. 8 , each of the minor poles in the pattern can be indexed.

This allows both their distances from the pattern centre and the

true slopes of the corresponding rays to be found. These are plot-

ted as open circles on Fig. 7 c and closely follow the predictions of

the ray tracing. As the edge of the pattern is approached, it be-

comes progressively more difficult to measure the true position of

the pole. This is because the shape formed by the four intersecting

Kikuchi lines becomes distorted and it is not possible to determine

its centre accurately. As a result, it is not possible to determine the

contribution of the higher order distortions accurately. In princi-
Please cite this article as: A.J. Craven et al., Getting the most out of a p

optical coupling, Ultramicroscopy (2017), http://dx.doi.org/10.1016/j.ultr
le, this might be overcome by determining the angular positions

f the intersections of the individual Kikuchi lines but this is not

ttempted. 

Measuring the positions of the minor poles in this way is time

onsuming but still does not allow the higher order distortion co-

fficients to be determined. Inspection of the curves in Fig. 7 shows

hat 3rd order distortion dominates out to beyond 96.1 mrad, the

adius of the first order Laue zone (FOLZ) for the [001] Si orien-

ation at 200 kV. Thus a much simpler method of estimating the

rd order distortion coefficient is adopted here. This assumes that

he distortion at the FOLZ is purely 3rd order and calculates the

agnitude of the distortion by the difference of the actual posi-

ion of the FOLZ from its position predicted by the camera length.

his is then converted to a 3rd order distortion coefficient by di-

iding by the cube of the true slope in radians. This procedure can

e applied to both the experimental diffraction patterns and to a

ay traced with an initial slope equal to that of the radius of the

OLZ. 

Fig. 9 shows plots of the 3rd order distortion coefficient versus

nergy-loss. The solid lines are the 3rd order distortion coefficients

rom the fit of 3rd, 5th, 7th and 9th order terms. All cover a similar

ange of magnitudes. The points are the result of applying the FOLZ

ethod to the experimental patterns and the dashed lines are the

esult of applying the FOLZ method to the ray tracing. 

For all three set-ups there is reasonable agreement between the

esults from experiment and ray tracing using the FOLZ method.

owever, the best agreement is for Set-up C. This can be under-

tood from Fig. 7 c, where it can be seen that the “1, 3, 5, 7”

urve virtually overlies the “1,3” curve, showing that the 5th and

th order distortions cancel each other to a good approximation.

hus the pattern is well represented by 3rd order distortion until

he cut-off is approached. Figure S4 in the supplementary mate-

ial shows, this cancellation becomes less good as the energy-loss

ncreases but keeps the 3rd order distortion dominant out to the

OLZ. 

In all cases, with increasing energy-loss, there is an increasing

ivergence between the actual 3rd order coefficient and those es-

imated using the FOLZ method, showing that higher order terms

re playing a significant role. The divergence is greatest in Fig. 9 a

Set-up A) and smallest is Fig. 9 b (Set-up B). 

This behaviour can be understood from the comparison of the

igher order coefficients in Fig. 10 . In Set-up A, the magnitudes of

ll the higher order coefficients are much larger than in the other

wo set ups. Those in Set-ups B and C are much smaller but in-

rease in the region where the actual 3rd order coefficients diverge

rom those obtained with the FOLZ method. Moreover, the mag-

itudes of the higher order coefficients increase more rapidly for

et-up C and this is paralleled by the more rapid divergence of the

rd order coefficients in Fig. 9 c for this set-up. Thus the reduction
ost-column EELS spectrometer on a TEM/STEM by optimising the 
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Fig. 9. Plots of 3rd order distortion coefficient versus energy-loss. The solid lines are from the fit of 3rd, 5th, 7th and 9th order terms. The points are the result of applying 

the FOLZ method (see text) to the experimental patterns and the dashed lines are the result of applying the FOLZ method to the ray tracing. a) Set-up A; b) Set-up B; c) 

Set-up C. 

Fig. 10. Comparison of the 5th, 7th and 9th order distortion coefficients from the fits of 3rd, 5th, 7th and 9th order terms as functions of energy-loss. The labels indicate 

the set-ups. 

Fig. 11. Spectrometer collection half angles as a function of energy-loss predicted from ray tracing (solid line) and from the experimental diffraction patterns (points). a) 

Set-up A; b) Set-up B; c) Set-up C. 
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f the higher order distortion resulting from combination effects is

 significant factor in the improved performance of Set-ups B and

. 

.5. Collection half-angles as a function of energy-loss 

There is no way to image the Quantum apertures on the Orius

amera because they are below it in the column. However, the cor-

esponding diameters on the Orius camera can be calculated from

he positions of the Quantum aperture plane and the Orius cam-

ra plane relative to the PL cross-over. This approach can be ver-

fied by recording the same diffraction pattern on both the Orius

amera and the UltraScan camera of the Quantum. The latter can

mage the Quantum apertures on the same diffraction pattern so

hat they can then be referred to the Orius. Both approaches are in

xcellent agreement. 

The angles to which these diameters correspond can be found

rom the experimental camera length and the 3rd order distor-

ion coefficient determined using the FOLZ method. The resulting

alues give the experimental collection half-angles for the 2.5 mm

nd 5 mm Quantum apertures. 

Fig. 11 plots these half-angles as a function of energy-loss as

oints. The predictions of the ray tracing are shown as lines. These

ines give the values of the slopes of the rays at the specimen for

hich the rays are just intercepted by the Quantum apertures. 
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The agreement is very good for the 2.5 mm Quantum in all

hree set-ups. For Set-ups B and C, the agreement for the 5 mm

perture is good near the minimum but starts to diverge slightly

way from the minimum. This divergence is more severe for Set-

p A for positive energy-losses. In fact, ray tracing for a 3 keV

oss gives no solution for a ray intercepting the 5 mm aperture for

his set-up. The reason for this will be considered further below.

he divergence between the two predictions for the 5 mm Quan-

um aperture is the effect of the higher order distortions discussed

bove as these are included in the results from the ray tracing but

ot in those from the experimental diffraction patterns. 

.6. The effects of the lens Set-up on the experimental Mo L 2,3 -edges 

nd Si K-edge 

To show how the EELS performance differs with projector set-

p in practice, six normalised spectra of the Mo L 2,3 -edge are com-

ared in Fig. 12 . Three are recorded using Set-up A and three using

et-up C. All are recorded using a 2.5 mm Quantum aperture. In

ach group of three spectra, each spectrum has a different value of

he thickness divided by the inelastic mean free path ( t/ λ). These

alues are 0.5, 1.0 and 1.5. The value of t/ λ is determined from the

ow loss region of the spectrum. The background is subtracted us-

ng a power law fitted in a 600 eV wide window prior to the edge.

he background fits for all six spectra are excellent. 
ost-column EELS spectrometer on a TEM/STEM by optimising the 
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Fig. 12. Plots of the background subtracted, deconvoluted Mo L 2,3 -edge intensity 

normalised by the zero-loss intensity, I o , and t/ λ. The upper (blue) spectra are for 

Set-up A and the lower (black and grey) ones are for Set-up C. The light blue and 

light grey spectra correspond to t/ λ of 1.5, the medium blue and dark grey spectra 

to t/ λ of 1.0 and the dark blue and black spectra t/ λ of 0.5. Inset is the Si K-edge 

recorded using Set-up A and the 2.5 mm Quantum aperture. The background, fitted 

in the 400 eV window indicated by the dotted lines, is shown as a thin blue line. 

Also shown are the two background subtracted signals obtained when using Set- 

ups B (red) and C (black). The upper limit of the background subtraction window 

corresponds to the upper limit of that used for the Mo L 2,3 -edges. (For interpreta- 

tion of the references to colour in this figure legend, the reader is referred to the 

web version of this article.) 
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The single scattered intensity is obtained using Fourier ratio de-

convolution of the low loss shape. The deconvoluted spectra are

normalised by the zero-loss intensity, I o , and by t/ λ. Such a nor-

malised spectrum is equal to [ n λ (d σ /d E )] where n is the number

of Mo atoms per unit volume and (d σ /d E ) is the partial differential

cross-section for the edge. n and λ are the same for all six spectra

and (d σ /d E ) is the same if the probe and collection half-angles are

the same. If this is the case, then all six spectra should overlie each

other. 

While the probe half-angle is the same for all six edges,

Fig. 11 shows that the collection angle for a loss of 2.5 keV is 44

mrad in Set-up A but only 37 mrad in Set-up C. Thus the three

spectra from each set-up should overlie each other but those from

Set-up A should be slightly more intense than those from Set-up

C. 

Fig. 12 shows that the three spectra from Set-up C overlie each

other so closely that it is hard to tell that there are three spectra

present. Those from Set-up A are more intense, as predicted, but

they do not overlie each other and their intensity continues to rise

with energy-loss. 

A similar effect can be seen in the inset to Fig. 12 , which shows

a spectrum from Si recorded using Set-up A and a 2.5 mm Quan-

tum aperture. The power law background, fitted over the window

from 2.2 keV to 2.6 keV, and the background subtracted signal are

also shown. Immediately after the window, the background sub-

tracted signal starts to rise slowly, then rises steeply in the region

of 2.9 keV and then continues to rise slowly. For comparison, the

background subtracted signals from spectra recorded using Set-up

B (red) and C (black) are shown. These show no increase in signal

after the end of the background window. 

The cause of these perturbations in Set-up A is the fold-back

that results from aberrations. As the bright edge of the intensity

band intersects and then falls within the 2.5 mm Quantum aper-

ture, the intensity in the spectrum is enhanced, giving rise to the

perturbation. In the energy ranges shown in Fig. 12 , this happens

with Set-up A but not with Set-ups B and C. This issue is consid-

ered further below. 
Please cite this article as: A.J. Craven et al., Getting the most out of a p
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.7. The effect of energy-loss on the energy resolution 

At this point, it is worth considering the loss of energy reso-

ution expected from the change of the cross-over position with

nergy-loss. The source size for the Quantum system is the inten-

ity distribution in the PL cross-over plane. This is very small for

he zero-loss electrons as it is an image of the probe at the spec-

men with a magnification of ∼20x for the conditions used here.

or a very thin specimen, where the highest effective slope cor-

esponds to the probe half-angle, the geometric disc of least con-

usion has a diameter ∼0.3 μm and this rises to ∼0.6 μm if the

.5 mm Quantum aperture is uniformly filled with illumination.

ssuming that the object plane of the spectrometer is the plane

f the zero-loss cross-over for all energy losses, the spectrome-

er source size will increase with energy loss because the actual

ross-over will move towards the specimen. In line with the nor-

al effect of chromatic aberration, the magnitude of this blurring

ill depend on the energy loss and the angular range of the ray

undle entering the Quantum aperture. For a very thin specimen,

he size of this angular range is defined by the probe angle. As the

pecimen thickness increases, the angular range will increase due

o scattering. 

Assuming a very thin specimen, there is a disc in the zero-

oss cross-over plane and ray tracing shows that its diameter is

10 μm per keV of energy-loss. To convert this to a defocus of the

pectrum, the relationship between the shift of the source position

nd the shift of the spectrum is required. Scanning of the probe

ives a shift of the zero-loss peak by ∼6 eV per micron. The mo-

ion of the probe image at the PL aperture plane is ∼20x larger

nd so the zero-loss shift per micron at the PL aperture plane is

0.3 eV/micron. Thus, for the Si K-edge, at ∼1.84 keV, the defo-

us disc has diameter of 18.4 μm at the zero-loss cross-over plane.

his corresponds to an energy range of ∼5.5 eV Taking the energy

esolution as the separation of 10% and 90% points on the inte-

rated profile of uniform disc gives a value of ∼5 eV, which should

esult in some increase in the width of the edge threshold. The

0% to 90% edge resolutions of the Si K-edges in the data used for

ig. 12 are all ∼4 eV The appropriate energy resolution of the ZLP

o compare to this is the width of the central portion containing

0% of the signal and this is again ∼4 eV Thus the width of the

i K-edge has not been broadened in line with the 5 eV predic-

ion. Hence some tilt of the dispersion plane [4] may have been

ntroduced into the Quantum system, minimising the spectrum de-

ocus with energy-loss. 

.8. The effect of energy-loss on the imaging of the pivot points 

Turning now to the imaging of the pivot points to the film

lane, where the aim is to keep the diffraction pattern station-

ry on the detectors while the probe is scanned. Even if this is

one perfectly, the zero-loss diffraction pattern is only stationary

t the film plane and moves slightly at other planes. At sufficiently

ow magnifications, spherical aberration in the lenses will cause

otion of the zero-loss diffraction pattern even at the film plane.

ith energy-loss, the conjugate plane of the pivot points will move

way from the film plane and cause the diffraction pattern to

can there. For STEM-EELS, the plane of interest is the Quantum

perture plane since any motion of the diffraction pattern there

ill change the signal collection and the collection angles. Fig. 13

hows the shift of the centre of the diffraction pattern in the Quan-

um aperture plane as the probe moves off axis by up to 5 μm. A

can of ±5 μm corresponds to a magnification of 20kx on a 20 cm

iewing screen. 

The motion of the diffraction pattern is largest in Set-up A.

hen the probe is 5 μm off-axis, the centre of the diffraction pat-

ern intersects the 5 mm aperture if the electrons lose 3 keV of
ost-column EELS spectrometer on a TEM/STEM by optimising the 
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Fig. 13. Motion of the centre of the diffraction pattern in the Quantum aperture plane versus the distance of the probe off-axis. The lines correspond to losses of 0, 1, 2 and 

3 keV and the loss increases in the direction of the arrow. The dotted horizontal lines are the positions of the edges of the 2.5 and 5 mm Quantum apertures. a) Set-up A; 

b) Set-up B; c) Set-up C. 
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Fig. 14. a) Diameter of the spectrometer object at the PL cross-over plane for zero- 

loss electrons versus energy-loss. The angular range contributing to the diameter 

is the 29 mrad probe half angle; b) The distance of the PL cross-over from the PL 

centre as a function of energy-loss. The labels correspond to the three set-ups. 
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nergy. For this probe position, the centre of the pattern also ap-

roaches the edge of the 2.5 mm aperture for a loss of 1 keV. In

et-up B, the centre of the pattern only approaches the edge of

he 2.5 mm aperture for a 3 keV loss. In Set-up C, the situation is

eversed and the 3 keV loss pattern moves very little as the probe

cans while it is the centre of zero-loss pattern that approaches

he 2.5 mm aperture when the probe is 5 μm off-axis. 

When the centre of the pattern approaches the edge of the

uantum aperture, the signal entering the spectrometer is ap-

roximately halved and so conditions which cause this to happen

hould be avoided. Imaging the pivot points to the film plane can

ive a false sense of security when performing spectrum imaging

t low magnification. A better way of dealing with this issue is to

e-scan the beam immediately after the objective lens, as is done

n some instruments. This approach has the added advantage of

ot scanning the spectrum. However, aberrations will set a limit to

he maximum scan size and there may be some chromatic effects

n the scan/ de-scan combination. 

.9. Prediction of the performance for higher energy-losses 

So far, this paper has concentrated on the energy-loss range 0

o 3 keV since this is both the range over which the diffraction pat-

erns can be recorded and the range into which most EELS falls.

owever, if the accelerating voltage is lowered, the behaviour dis-

ussed so far will occur at lower energy-loss, as discussed in §4.10.

here are also some applications where higher energies losses are

f interest. One of these is the investigation of oxidation states of

etals, which have often been quantified for first row transition el-

ments using the L 3 and L 2 edges [18–20] . More recently this has

een extended to zirconium [21] and the aim is to extend this to

eavier metals. There is also interest in both the electron near edge

tructure (ELNES) and extended energy-loss fine structure (EXELFS)

or energy-losses above 3 keV. This is normally the province of x-

ay absorption spectroscopy (XAS). EELS in this region offers the

dvantage of higher spatial resolution. For these reasons, it is in-

tructive to look at the predicted projector lens performance over

 wider range of energy-loss. 

Fig. 14 a shows the diameter of the spectrometer object at the

L cross-over plane for zero-loss electrons as a function of energy-

oss. This has been calculated assuming a very thin specimen, as

bove. Combined with the set-up of the Quantum, this will con-

rol the energy resolution that can be obtained without re-focusing

he spectrum. A more detailed understanding of the combined be-

aviour of the projector and spectrometer systems is required to

redict the actual energy resolution and is beyond the scope of

his paper. 

Fig. 14 b shows the axial position of the PL cross-over as a func-

ion of energy-loss. Initially the cross-over is real and after the

L. As the energy-loss increases it moves towards the PL centre.

hen it becomes a virtual image and appears before the PL mov-
Please cite this article as: A.J. Craven et al., Getting the most out of a p
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ng off to - ∞ as the energy-loss increases. For further energy-loss,

t re-appears as a real cross-over at + ∞ and starts to move back

owards the PL. The curves in Fig. 14 b determine by how much

he focussing quadrupoles within the Quantum system need to be

hanged to re-focus the spectrum in order to give the best energy

esolution for a given energy-loss. At an energy-loss slightly greater

han that required to put the cross-over at ∞ , the cross-over be-

omes conjugate with the Quantum aperture plane. At this point,

he camera length is zero. This explains why the intensity band in

he camera view goes through a minimum width around this par-

icular energy-loss. 

Fig. 15 shows the position of the rays on the Orius camera as

 function of the ray slope at the specimen. The curves are for

osses from 0 to 12 keV in 1 keV steps and the energy-loss in-

reases steadily from the bottom curve to the top curve in each

lot. The end point of each curve is determined by the maximum

alue of the ray slope that can pass through the PL aperture. The

ecrease in the rate of change of camera length with energy-loss

n going from Set-up A to Set-up C is marked by the decreasing

pacing of the curves at low energy-losses. The curvature of the

urves also decreases showing the decrease of the fold-back in the

atterns. 

The horizontal dashed lines on Fig. 15 show the positions of the

.5 and 5 mm Quantum apertures projected onto the Orius camera.
ost-column EELS spectrometer on a TEM/STEM by optimising the 
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Fig. 15. The radial position of rays on the Orius camera as a function of the ray slope at the specimen. The curves are for losses from 0 to 12 keV in 1 keV increments. 

Labels are omitted where the curves are too close. The dotted lines correspond to the positions of the edges of the 2.5 and 5 mm Quantum apertures on the Orius camera. 

a) Set-up A; b) Set-up B; c) Set-up C. 

Fig. 16. Collection half-angle versus energy-loss. The thick line is the collection angle for the 5 mm Quantum aperture. The dotted line is the limit imposed by the PL 

aperture and this is made thick over the energy-loss region for which it is the limit to the collection angle when using the 5 mm aperture. The thin line is the collection 

angle for the 2.5 mm Quantum aperture and again the PL aperture becomes limiting in the central energy-loss range. The dashed parts of the lines are the regions where 

the collection angle is not defined by a single number. a) Set-up A; b) Set-up B; c) Set-up C. 
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Where a curve passes through the position of the lower edge of a

Quantum aperture and does not re-cross it at higher ray slope, the

Quantum aperture limits the collection half-angle of the spectrom-

eter e.g. in Fig. 15 a, curves for energy-losses of 0, 1 and 2 keV fall

into this category for the 5 mm aperture. Where the curves lie be-

tween the two edges of an aperture, it is the PL aperture that lim-

its the collection half-angle e.g. in Fig. 15 a, curves for energy-losses

3, 4 and 5 keV fall into this category for the 5 mm aperture. Where

the curves pass through the upper edge of the Quantum aperture,

it again becomes the limit e.g. in Fig. 15 a, curves with energy-loss

of 6 keV or greater fall into this category for the 5 mm aperture. 

The transition between the first and second categories differs

from that between the second and third categories. For the former

transition, the position versus slope can go through a minimum

and may re-cross the aperture edge provided it is not cut-off by

the PL aperture. In these circumstances, the collection half-angle of

the spectrometer is not defined by a single value. However, for the

latter transition, the curve always continues to move away from

the aperture edge once it has been crossed and so the transition is

well defined. 

Another way of representing the data is given in Fig. 16 , which

shows the collection half angle as a function of energy-loss. The

thick line is the collection angle for the 5 mm Quantum aperture.

The dotted line is the limit imposed by the PL aperture and this is

made thick over the range of energy-loss where it is limiting the

collection angle when using the 5 mm aperture. The thin line is the

collection angle for the 2.5 mm Quantum aperture and again the

PL aperture becomes limiting in the central energy-loss range. The

dashed parts of the lines are the regions discussed above, where

the collection angle is not defined by a single value. They are most

extensive for Set-up A because the fold-back of the diffraction pat-

tern is most severe for this set-up. Once this region is reached, the

collection half-angle bears little relationship to that measured for

zero-loss electrons. For Set-up C, the 2.5 mm Quantum aperture is

only just starting to limit the collection angle again at high energy-

losses. This is to be expected from Fig. 15 c, where the curve for the

12 keV loss only just reaches the position of the 2.5 mm aperture. 
c  
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The dashed portion of the line for the 2.5 mm Quantum aper-

ure in Fig. 16 a for Set-up A shows a very large increase in collec-

ion angle in the range which is not defined by a single value. It is

his sudden rise in collection angle that results in the anomalous

ehaviour seen in the spectra recorded using Set-up A in Fig. 12 .

ig. 15 a predicts that the fold-back will not enter the 2.5 mm

uantum aperture in Set-up A unless the energy-loss is greater

han 3 keV. However both sets of data in Fig. 12 show that the per-

urbation starts to occur for losses greater than 2.6 keV. In the case

f the Si data, camera views are available and show a slight mis-

lignment between the centre of the diffraction pattern and the

.5 mm Quantum aperture. This results in the fold-back entering

he aperture at an energy-loss lower than predicted. (Figure S6 in

he supplementary material shows line profiles across the camera

iew, demonstrating this misalignment.) For Set-up B, Fig. 15 b pre-

icts that a similar perturbation will only occur for energy-losses

reater than 5 keV while Fig. 15 c predicts that no perturbation will

ccur for Set-up C. Whichever set-up is used, care must be taken

n the alignment to avoid (or minimise) such artefacts. 

The results presented in Fig. 15 can also be used to create

chematic simulations of the camera views so that a direct com-

arison can be made with the camera views in Fig. 3 . These are

hown in Fig. 17 . The black region represents no signal, the grey

egion represents the signal and the white region represents the

old-back corresponding to that in the diffraction pattern. This fold

ack increases the intensity in the camera view. In Set-up A this

old-back region is quite wide, while it is much narrower in Set-up

. Fold-back is virtually absent in Set-up C and when it occurs the

iffraction pattern is already entirely within the 2.5 mm aperture.

hus it does not cause a perturbation in the spectrum shape other

han that caused by the steady change of the collection angle. 

The width of the intensity band goes through a minimum in

ach schematic camera view. The energy at which this occurs ex-

erimentally can be found by applying a sufficiently large offset

o the magnet current of the spectrometer. These values are com-

ared in Table 2 . There is an uncertainty of ∼100 eV in the exper-

mental values due to the broad width of the minimum. The un-

ertainty in the values from the ray tracing is probably twice this
ost-column EELS spectrometer on a TEM/STEM by optimising the 

amic.2017.03.017 

http://dx.doi.org/10.1016/j.ultramic.2017.03.017


A.J. Craven et al. / Ultramicroscopy 0 0 0 (2017) 1–15 13 

ARTICLE IN PRESS 

JID: ULTRAM [m5G; April 10, 2017;9:50 ] 

Fig. 17. Schematic camera views based on the data in Fig. 15 (although the scale is 

not completely accurate) and the width in the vertical direction corresponds to the 

5 mm Quantum aperture. The black region is where there is no signal, the grey is 

the region of normal signal and the white is the region of fold back in the diffrac- 

tion pattern. The dotted lines show the position of the 2.5 mm aperture. a) Set-up 

A; b) Set-up B; c) Set-up C. 

Table 2 

Comparison of the experimentally measured energy at which 

the intensity band in the camera view passes through its min- 

imum width with that determined from the predictions of the 

ray tracing for an accelerating voltage of 200 kV. The values for 

an accelerating voltage of 80 kV are obtained from the 200 kV 

values using the method in §4.10. 

Set-up A Set-up B Set-up C 

Experiment (200 keV) 4.8keV 7.4keV 9.2keV 

Ray tracing (200 keV) 4.5keV 6.6keV 9.9keV 

Ray tracing (80 keV) 1.9keV 2.9keV 4.3keV 
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Table 3 

Comparison of the energy-loss ranges over which the col- 

lection angle remains within a given percentage of the 

zero-loss value for an accelerating voltage of 200 kV when 

using the 2.5 mm Quantum aperture. The figures in brack- 

ets are for an accelerating voltage of 80 kV and are ob- 

tained using the method in §4.10. 

Set-up A Set-up B Set-up C 

5% 1.2 (0.5) keV 1.6 (0.7) keV 4.7 (2.0) keV 

10% 1.8 (0.8) keV 2.6 (1.1) keV 5.2 (2.2) keV 

20% 2.3 (1.0) keV 5.2 (2.2) keV 5.5 (2.4) keV 
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ince a detailed profile of the intensity band has not been deter-

ined. 

There is good agreement between the experimental values and

hose predicted by ray tracing given the uncertainties in both the

easurements and the parameters used for the ray tracing. In the

ay tracing, thin lens approximations are used for the values of C c 
nd C s , resulting in overestimation of the former and underesti-

ation of the latter. In addition, the lens currents have to be ad-

usted to get agreement between the predicted and observed cam-

ra lengths shown in Fig. 4 . It is possible that such agreement can

e obtained for a number of set-ups and so there may be differ-

nces between the actual ray paths and those traced. Nevertheless,

ll the experimental behaviour is well predicted and so such dif-

erences are small. 

Thus it is clear that, in seeking to achieve the minimum change

f collection angle over the widest possible energy-loss range, two

hings should be looked for: 

• A set-up in which the PL cross-over goes to ∞ at the high-

est possible energy-loss as this is the key factor controlling the

energy-loss range; 
• A set-up in which the higher order distortions are minimised

and balanced off against each other to avoid or minimise fold-

back at the edge of the diffraction pattern. This slows down the

change of collection angle with energy-loss and limits the re-

gion of ill-defined collection angle as the PL aperture becomes

limiting. 

One of the reasons for using a 2.5 mm rather than a 5 mm

uantum aperture is clear in Fig. 16 , in that it gives a much larger

nergy-loss range over which the change in collection angle is rela-

ively small. However, if using the 2.5 mm aperture causes a signif-

cant loss of signal, it is less desirable. Looking at the camera views

n Fig. 3 , it can be seen that the width of the signal for the Si K-

dge is narrower than the overall width of the intensity band. The

ignal in the outer part of the band is dominated by the scattering

rom less tightly bound electrons and so is mainly background. The
Please cite this article as: A.J. Craven et al., Getting the most out of a p
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idth of the Si K-edge signal is well matched by the 2.5 mm Quan-

um aperture. (Figure S7 in the supplementary material shows line

rofiles across the camera views, confirming this.) Thus the signal

o background ratio is improved without significant loss of signal

f this aperture rather than the 5 mm Quantum aperture is used. 

The data in Fig. 16 can also be used to find the energy-loss

anges within which the collection angles for the 2.5 mm Quan-

um aperture change by less than a given percentage of the zero-

oss value. These are given in Table 3 for 5%, 10% and 20% maxi-

um changes. As expected Set-up A has the smallest energy-loss

anges while Set-up C has the largest. For Set-up C, the offset of

he minimum camera length from zero-loss results in a slow varia-

ion of collection half-angle with energy-loss followed by a sudden

ise. Looking at Table 3 , the energy-loss range for a 20% maximum

hange in collection angle in Setup C is only 20% wider than that

or a 5% maximum change. In the case of Set-up B, it is over three

imes wider while, in Set-up A, it is twice as wide. For smaller per-

entage changes in collection angle, the energy ranges will shrink

nd the position of the energy-loss of the minimum camera length

ust also be considered. 

If the collection angle varies with energy-loss, there are poten-

ial implications for processing the data. If calculated cross-sections

re used, they need to be calculated edge by edge taking into ac-

ount the collection angle at each energy-loss. If the data is to be

econvoluted, the change in the collection angle across the spec-

rum may have an effect. For deconvolution to be successful, the

ow-loss spectrum needs to approximate to that integrated over all

ngles (see for example the discussion in §4.1.1.5 of Egerton’s book

4] ). With the large probe and collection angles used here, this is

lready the case and Fourier ratio deconvolution over a limited en-

rgy range is unlikely to be affected, possibly with the exception

f data recorded in the energy range in which the collection angle

s changing rapidly and by a large amount. For small changes of

ollection angle, Fourier logarithmic deconvolution is also unlikely

o be affected. However, the results will need to be investigated if

t is used on spectra that are spliced together to cover a very large

nergy-loss range. 

.10. Performance at other accelerating voltages 

So far the results and discussion are based on an accelerating

oltage of 200 kV. In the absence of magnetic saturation effects,

hich is a reasonable approximation for the projector lenses, the

ame ray trajectories can be obtained at any accelerating voltage

y adjusting the lens current so that V R /( NI ) 2 remains the same.

aturation effects cannot be ignored in the objective lens but the

urrent in this lens is carefully set-up at each accelerating voltage

o give the correct trajectory for the zero loss electrons. This cur-

ent is held constant during operation and so the scaling of the

ocal length for zero loss electrons is always correct. 

As a result, the energy scales and specific energy-loss values

n the previous sections, which are appropriate for an accelerating

oltage of 200 kV, can be converted to those appropriate to any

ther accelerating voltage. 
ost-column EELS spectrometer on a TEM/STEM by optimising the 
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Provided that �V R /V R is the same, the corresponding rays will

have the same shapes at any accelerating voltage. In the absence

of relativistic effects, �V R /V R is equal to �V/V . Thus a 0.4 keV loss

at 80 kV would give the same ray trajectories and hence perfor-

mance as a 1 keV loss at 200 kV. From this it is clear that the lower

the accelerating voltage, the more challenging it is to study higher

energy-losses without a substantial re-design of the post-specimen

optics. 

As an example of the effect of relativity, V R at 200 kV is

239.14 kV and, for a loss of 1 keV, �V R is −1.39 kV giving �V R /V R 

of −0.00518. At 80 kV, V R is 82.26 kV and so, to obtain the same

�V R /V R , the energy-loss must be 0.43 keV i.e. an increase of ∼10%

over the non-relativistic estimate. In Tables 2 and 3 , the values of

the energies losses at 80 kV are obtained from those at 200 kV us-

ing this method and, as expected, they are all substantially lower.

Going to even lower accelerating voltages will make them even

lower. 

5. Conclusions 

It is clear that the performance of an EELS system on a

TEM/STEM is very dependent on the set-up of the projector lens

system and that the range over which the collection half-angle

changes relatively little can be extended significantly with the cor-

rect set-up. While this is important for the accelerating voltage of

200 kV used in this work, it is even more important as the acceler-

ating voltage is lowered. Two projector set-ups offering better per-

formance than the standard set-up of a JEOL ARM200CF are identi-

fied and their performance compared to that of the original set-up.

First order ray tracing based on matrix multiplication is a good

way of searching for set-ups with the required properties. How-

ever, these possibilities have to be screened on the microscope it-

self. For a full description of the behaviour, the effects of spherical

and chromatic aberrations must be incorporated into the ray trac-

ing and this can be done by using thin lens approximations. The

ray tracing predicts that the maximum diameter of the diffraction

pattern is limited with by the aberrations or by the PL aperture. In

the former case, the pattern folds back on itself. 

The experimental behaviour of the projector system can be ex-

plored by offsetting the accelerating voltage while keeping the ex-

citation of the post-specimen lenses constant and observing the

diffraction prior to the spectrometer system. The probe must be

re-focused on the specimen using the condenser system. The cam-

era view of the spectrum also gives useful information. 

All the results from such ray tracing match the experimental

results very well provided that the lens settings are fine tuned to

get agreement between the experimental and ray traced results

for the camera length as a function of energy-loss. The ray trac-

ing explains the form of the spectrum camera view and how it

changes with the projector set-up. With this understanding, the

experimental conditions can be chosen to maximise performance

and avoid artefacts. There are also some minor aberration effects

in the Quantum system itself but these have not been investigated.

Two things are crucial in achieving a small change of collection

angle over the widest energy range possible. One is to find the set-

up which, in addition to meeting the other necessary criteria, also

maximises the energy-loss at which the PL cross-over goes to in-

finity. Experimentally, it is possible to achieve a loss of ∼9 keV for

this at 200 kV. The other is to find set-ups where, additionally, the

deleterious effects of distortion are minimised. For this, higher or-

der distortions resulting from combination aberrations need to be

reduced. 

There is a correlation between obtaining zero (or low) distor-

tion in the central region of the diffraction pattern and obtain-

ing a maximum in the camera length as a function of energy-

loss. Shifting this maximum towards higher energy-loss introduces
Please cite this article as: A.J. Craven et al., Getting the most out of a p

optical coupling, Ultramicroscopy (2017), http://dx.doi.org/10.1016/j.ultr
ome positive radial distortion at lower energy-losses and this pre-

ents (or limits) the fold-back of the diffraction pattern. The cur-

ature of the variation of the collection half-angle with energy-loss

s also reduced by this. This results in the energy range over which

he collection angle is not defined by a single number being elim-

nated (or minimised). 

The ability to choose the energy-loss at which the maximum

amera length occurs is useful. In Set-up B, it is at zero and this is

seful for EELS at low or medium energy-losses for which a very

mall change of collection angle with energy-loss is required. In

et-up C, the minimum is at ∼2 keV and useful for studying higher

nergy-losses. With this set-up, the energy-loss range in which the

ollection angle deviates by a maximum of 5% from the value at

ero loss is ∼4.7 keV compared with 1.2 keV for the original Set-

p A. However if the accelerating voltage is lowered to 80 kV, this

ange is lowered to 2 keV and it will be even lower at lower ac-

elerating voltages. Further fine tuning of the set-up is possible in

rder to meet the requirements of a particular investigation. 

Despite the shift of the final PL cross-over with energy-loss, the

nergy resolution does not change as predicted if it is assumed

hat the dispersion plane of the spectrometer is normal to the axis.

his suggests that some tilt of the dispersion plane has been intro-

uced and that this compensates for the shift of the PL cross-over.

The benefits of imaging the pivot points of the scan to the film

lane for STEM imaging are lost when energy-loss occurs. The two

ew set-ups give better performance over a range of energy-loss

han the original set-up. Despite giving worse performance at zero-

oss, Set-up C gives improved performance as the energy-loss in-

reases whereas the other two give their best performance at zero

oss with the performance deteriorating at higher loss. A stationary

iffraction pattern for zero-loss electrons can lead to a false sense

f security when attempting spectrum imaging at low magnifica-

ion and this should be approached with caution. De-scanning af-

er the objective lens is a far better way to deal with this issue and

lso stops the spectrum scanning. 

As well as causing changes of collection angle with energy-loss,

rtefacts can be introduced into the spectrum where the collec-

ion angle starts to change rapidly with energy-loss and imperfect

lignment can exacerbate such perturbations. Such regions should

e avoided if possible. Careful choice of set-up can maximise the

nergy-loss at which they occur. In the absence of such artefacts,

ig. 12 demonstrates that Fourier ratio deconvolution and spectrum

ormalisation give the expected results over a range of specimen

hickness up to a value of t/ λ of 1.5. 

As OLK and other workers in the field continue to push the lim-

ts of performance of the instrumentation, the coupling of the scat-

ering from the specimen into spectrometer will continue to be an

mportant issue. As smaller probes and lower EHT are pursued, the

robe angle will increase e.g. OLK and his collaborators obtained a

robe with a diameter of 1.1 Å at 60 kV using a probe half angle of

0 mrad and used this to resolve the carbon atoms in a single layer

f graphene [22] while Sawada et al. had to use a probe half-angle

n the range 40 – 50 mrad to get similar results at 30 kV [23] . For

fficient EELS under such conditions, the collection half angle will

ave to be increased correspondingly. This larger collection angle,

ombined with the increased chromatic effects at the lower EHT,

ill make the optimisation of the coupling a significant challenge.

f it has not already been reached, the point is coming where the

esign of the lens stack itself needs to be optimised for EELS rather

han simply optimising the settings of a stack which was designed

or imaging and diffraction. The effects of any multi-pole lens be-

ween the specimen and the spectrometer must also be taken into

ccount, for instance when an image corrector is present or when

 quadrupole-octupole coupling module is used [24] . These issues

ave not been addressed in the current paper. Thus there is still
ost-column EELS spectrometer on a TEM/STEM by optimising the 
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o many contributions. 
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