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Image-spectroscopy–II. The removal of plural scattering from
extended energy-filtered series by Fourier deconvolution
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Abstract

The increased spectral information obtained by acquiring an EFTEM image-series over several hundred eV allows
plural scattering to be removed from loss images using standard deconvolution techniques developed for the
quantification of EEL spectra. In this work, both Fourier-log and Fourier-ratio deconvolution techniques have been

applied successfully to such image-series. Application of the Fourier-log technique over an energy-loss range of several
hundred eV has been achieved by implementation of a novel method that extends the effective dynamic range of
EFTEM image-series acquisition by over four orders of magnitude. Experimental results show that the removal of

plural scattering from EFTEM image-series gives a significant improvement in quantification for thicker specimen
regions. Further, the recovery of the single-scattering distribution using the Fourier-log technique over an extended
energy-loss range is shown to result in an increase in both the ionisation-edge jump-ratio and the signal-to-noise ratio.

# 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Electron spectroscopic imaging (ESI) in the
energy-filtered TEM (EFTEM) provides a valu-
able tool for the rapid mapping of chemical
distribution at the nanometre level. A relatively
new approach in EFTEM analysis, termed ‘image-
spectroscopy’, involves the acquisition of an
extended image-series [1,2]. Typically, tens of
images are recorded sequentially across several
hundred eV loss to create a three dimensional
dataset containing (serially-acquired) spectral in-
formation in addition to spatially parallel data.

This approach offers numerous advantages over
conventional two- or three-window methods and,
as outlined in the preceding paper, such image-
series may be treated as a two-dimensional array
of ‘image-spectra’ whose energy resolution is
determined by the acquisition step size. Techni-
ques developed for the analysis of EEL spectra
may therefore be applied directly to image-spectra
[3] enabling, for example, plural scattering to be
removed using Fourier-transform based deconvo-
lution techniques.
It is well known that the removal of plural

scattering from the EEL spectrum leads to an
improvement in the quantitative analysis of thick-
er specimens, and allows core-loss edges of similar
energy-loss to be separated more effectively [4,5].
Further, the retrieval of the single-scattering
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distribution (SSD) from the low-loss spectrum
gives rise to the possibility of quantitative ele-
mental mapping using core-loss edges normally
obscured by plural plasmon scattering events, for
example the M23 edges of the transition metals [6].
In this work, Fourier-ratio and Fourier-log decon-
volution techniques have been applied to image-
series, enabling the SSDs to be recovered from
both low-loss and core-loss image-spectra.

2. Fourier-ratio deconvolution

Fourier-ratio deconvolution uses low-loss infor-
mation as the ‘deconvolution function’, necessitat-
ing the acquisition of a low-loss image-series in
addition to the core-loss data of interest. In
principle, the SSD I1coreðEÞ may be recovered
from the recorded spectral intensity by dividing
the Fourier-transform (FT) of the core-loss spec-
trum icoreðnÞ by the FT of the low-loss intensity,
ilowðnÞ, and multiplying by a reconvolution func-
tion, zðnÞ (for example, the FT of the zero-loss
peak), giving [7]

i1coreðnÞ ¼ zðnÞ
icoreðnÞ
ilowðnÞ

: ð1Þ

Fourier-ratio deconvolution is well suited to
energy-filtered image-series since the ratio of
absolute intensity of the low-loss region relative
to the core-loss series is not required, allowing
problems concerning the limited dynamic range of
the CCD detector to be avoided.
The validity of applying Fourier-ratio deconvo-

lution to image-series can be demonstrated by
calculating chemical concentration maps from a
sample of known composition over varying thick-
ness, t, using an image-series before and after
deconvolution. In this example, the Cr L23 edge is
used to map a pure chromium wedge (Fig. 1a).
The elemental volume density CCr (in atoms per
unit volume) may be calculated using the relation-
ship [4]

CCr ¼
I1Crðb; DÞ

I0ðbÞsCrðb; DÞt
�

ICrðb; DÞ
Ilowðb; DÞsCrðb; DÞt

; ð2Þ

where ICr is the background-subtracted core-loss
intensity, I1Cr the corresponding SSD intensity, I0

the zero-loss intensity and Ilow the corresponding
low-loss intensity, captured over a scattering semi-
angle b and signal integration width D. The term
approximated in Eq. (2) represents the method
commonly used for the correction of plural
scattering, namely division with the corresponding
low-loss signal. The middle term describes the
more exact correction involving deconvolution,
where the zero-loss intensity distribution is used to
correct elastic effects. Following Eq. (2), if plural
scattering, thickness variations and elastic scatter-
ing effects are removed correctly, a line-trace of the
corresponding Cr concentration map over increas-
ing t should give a flat compositional profile.
Using a Philips CM300 equipped with a Gatan

imaging filter (GIF), a core-loss series from 500 to
700 eV loss and the corresponding low-loss series
from 0 to 150 eV were acquired, using an energy-
step and slit width of 5 eV and an objective
aperture semi-angle, b ¼ 10mrad. Elemental vo-
lume density maps were then calculated using the
data both before and after Fourier-ratio deconvo-
lution following Eq. (2). The resultant maps are
shown in Fig. 1. As a pure chromium sample was
analysed (with a little surface oxide), the inelastic
mean free path l was assumed to be constant and
thickness was corrected using the corresponding
t=l map calculated from the low-loss data. The
removal of plural scattering proved to be effective
over the full thickness range investigated (from
05t52l), although the current software allows
deconvolution up to t=l ¼ p [8]. This may be
illustrated by comparison of the line-traces of the
Cr elemental composition maps calculated from
the image-series both after Fourier-ratio deconvo-
lution and using the conventional plural scattering
correction, as shown in Fig. 1c with varying signal
integration widths D. The latter deviates with both
increasing t and D, suggesting the low-loss correc-
tion over-estimate the plural scattering contribu-
tion. This over-estimation originates from the
low-loss correction compensating for plural scat-
tering intensity falling outside the signal integra-
tion region. In comparison, line-traces of the
deconvolved compositional density map show
relatively flat profiles beyond the region at the
edge of the sample. This indicates that the removal
of plural scattering by deconvolution results in an
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improvement in quantification for thicker speci-
mens and larger integration regions. The degree of
improvement may be illustrated by direct compar-
ison of edge intensities integrated over various
integration windows IðDÞ using both the decon-
volved and low-loss corrected data. For a moder-
ately large integration window (e.g. D ¼ 60 eV),
the deviation between the two methods at t=l � 1
is over 30% (Fig. 1d).
Plural scattering events from inelastic processes

before the core-loss series onset energy are not
removed by Fourier-ratio deconvolution. In order
to satisfy the continuity requirements for a Fourier

series, the pre-edge background to the first
ionisation edge is first removed using standard
background removal methods [7]. Accordingly,
only successive ionisation edges benefit from a
reduced background contribution. This may be
illustrated by calculation of signal-to-noise ratio
(SNR) plots for the chromium edge before and
after deconvolution, using the approach of Koth-
leitner and Hofer [9] based on the background
confidence parameter (h) approach implemented
by Egerton [10]. For the purpose of evaluating h in
the case of the deconvolved image-spectra, the pre-
edge background removed prior to deconvolution

Fig. 1. Fourier-ratio deconvolution of an image series across the Cr L23 edge. (a) Cr elemental map (deconvolved), with no corrections

for thickness or elastic effects applied. (b) Compositional density map corrected for thickness and elastic scattering effects by division

with the appropriate thickness and zero-loss images, respectively. (c) Comparison of compositional line-trace along the region marked

in (a) with varying signal integration-width D; plural scattering removed by Fourier-ratio deconvolution (solid) and low-loss correction
(dashed). Thickness range is from 05t52l. (d) Integrated edge intensity plotted as a function of integration width, illustrating over-

compensation of plural scattering using the low-loss correction for a thickness of t=l ¼ 1.
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was used. As may be seen by comparison of the
image-spectra shown in Figs. 2a and c, there is no
significant improvement in the background to
ionisation edge jump-ratio after Fourier-ratio
deconvolution. Likewise, as shown in Figs. 2b
and 2d, there is no significant change in the SNR
for the deconvolved chromium L23 image-spec-
trum ionisation edge compared with the as-
recorded data, particularly for the small signal
integration width required to produce quantita-
tively reliable results. It should be emphasised,
however, that subsequent ionisation edges should
show an improvement in both jump-ratio and
SNR as a result of a decrease in their pre-edge
backgrounds (see the following section). In order
to receive the full benefit of plural scattering
removal, it is therefore necessary to retrieve the

single-scattering distribution using a more com-
plete deconvolution method; for example, Fourier-
log deconvolution.

3. Fourier-log deconvolution

The Fourier-log approach requires no deconvo-
lution function, instead utilising the Poisson
statistics of plural scattering to recover the SSD
I1ðEÞ using a logarithmic relation of the form [11]

i1ðnÞ ¼ zðnÞln
iðnÞ
zðnÞ

� �
; ð3Þ

where iðnÞ is the Fourier-transform of the recorded
spectrum from zero-loss to beyond the highest
core-loss of interest. The requirement for spectral

Fig. 2. Image-spectra extracted from a Cr L23 image-series with corresponding signal to noise ratio plots following the approach of

Kothleitner and Hofer [8], calculated (a, b) before and (c, d) after removal of plural-scattering using Fourier-ratio deconvolution. The

background contribution to the deconvolved spectrum has been replaced for comparison. The plots show no significant change in SNR

for a small energy window between as-recorded and deconvolved spectra.
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information over such an extensive range poses a
significant problem for EFTEM image-series
acquisition, placing unrealistic demands on the

dynamic range of the CCD camera. While
image-series may be recorded over a consider-
able energy-loss range with good counting

Fig. 3. (a) Zero-loss image of a precipitate cluster from a series of 80 images acquired from a 316-type stainless steel. (b) An image-

spectrum line trace across the line marked in (a), illustrating the extended dynamic range obtained by dynamically varying image

integration times and pixel binning. A number of core-loss edges, acquired within the series, are revealed.
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statistics at high losses, ultimately the dynamic
range of the CCD camera restricts the acquisition
energy range, particularly within the low-loss
region where large variations in intensity can
occur.
A method has been developed that increases the

effective dynamic range of the CCD detector by
over four orders of magnitude [12]. By dynami-
cally adjusting exposure times and detector hard-
ware binning between successive acquisitions, the
ratio between the energy-loss signal and the
statistical detector noise may be optimised
throughout the image-series. A computer program
written in the Digital Micrograph script language
[13] allows acquisition in an automated manner by

evaluating the intensity of the previously captured
image to modify subsequent acquisition para-
meters. Post acquisition, corrections are made to
take into account any change in exposure time
before storing data directly to a computer hard
drive for further analysis.
The technique is demonstrated by analysis of a

precipitate cluster in a 316-type stainless steel
(Fig. 3a). An image-series consisting of 80 images
was acquired, using a Philips CM300 FEGTEM
equipped with a Gatan imaging filter, from zero-
loss to 800 eV loss, with an energy-step and
energy-selecting slit width of 10 eV and an
objective aperture semi-angle, b ¼ 10mrad. Ac-
quisition time for the entire image-series was less

Fig. 4. SNR calculations for the Cr L23 edge from image-spectra extracted from a 316 stainless steel image-series, local sample

thickness t=l � 0:8 (a) Extracted image-spectrum, not corrected for plural scattering. The lower loss region is not shown. (b)

Corresponding SNR plot, using a power-law relationship over a background-fitting region of 500–570 eV. (c) Image-spectrum after

Fourier-log deconvolution, showing a smaller background contribution and lower background fitting parameters, A and r. (d) The

SNR plot for the deconvolved image-spectrum, showing a significant improvement over the unprocessed data.
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than ten minutes. Post-facto spectral analysis of
the dataset reveals a number of core-loss edges
captured within the single acquisition, as illu-
strated by the (deconvolved) image-spectrum line-
trace across the precipitate cluster shown in
Fig. 3b, and contains some species thought pre-
viously to be absent.
Extracted image-spectra before and after decon-

volution are shown in Fig. 4. Fourier-log decon-
volution of the image-series proved to be
successful, resulting in reduced background con-
tribution for all edges within the series despite the
relatively thin local sample thickness (t=l � 0:45
at 300 keV). This reduction in background con-
tribution results in a significant increase in the
jump-ratio as shown in Figs. 4a and c, where the

chromium L23 edge shows an increase of over 30%
in the jump-ratio after deconvolution. Further, the
reduced background contribution leads to a
shallower pre-edge slope, resulting in a reduction
in both the scaling constant A and slope exponent
r of the fitted AE�r power law background.
Minimising these factors leads to a reduction in
the background fit confidence parameter, resulting
in an improvement in the ionisation edge signal-to-
noise ratio. For the image-spectrum shown in
Fig. 4, the background confidence parameter for
the chromium L23 edge was reduced from h� 5
(as-recorded) to h� 2 after deconvolution. The
effect of this reduction in h is shown in the SNR
plots of Figs. 4b and 4d, where the signal to noise
ratio for the chromium L23 edge increases from �

Fig. 5. (a, b) The increase in jump-ratio resulting from deconvolution may be conveniently illustrated by a jump-ratio line-trace.

Comparison for the MoM45 jump-ratio map (a) before and (b) after deconvolution shows a 50% increase in jump-ratio. (c, d) Fe L23

jump-ratio maps both before and after Fourier-log deconvolution. Thickness effects are removed substantially by deconvolution, most

noticeably in the preferentially thinned area around the precipitates.
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19 (as-recorded) to � 29 after deconvolution.
Since the uncertainty in recorded intensity is a
result of statistical fluctuations in the CCD
detector, care was taken to ensure the unprocessed
information was used to calculate the standard
deviation s when calculating h for the Fourier-log
deconvolved data. In terms of elemental mapping,
this reduction in h and increase in SNR allows
quantitative chemical distribution maps to be
calculated with lower noise content and higher
confidence levels.
Jump-ratio images calculated using the decon-

volved image series show an amplified noise
content when compared with the unprocessed
maps, as a result of dividing the relatively un-
changed post-edge image after deconvolution with
a pre-edge image of decreased intensity but
unchanged statistical fluctuation. However, image
contrast is improved as a result of an increase in
jump-ratio. This is shown for the molybdenum
M45 edge in Fig. 5a by means of a jump-ratio line-
trace in Fig. 5b, where the jump-ratio increases by
approximately 50% after deconvolution. In addi-
tion, recovery of the SSD produces jump-ratio
images where sample thickness effects are substan-
tially less than in their as-recorded counterparts.
This may be observed at the preferentially
thinned region surrounding the precipitate cluster
in the deconvolved iron L23 jump-ratio image
(Figs. 5c and d).

4. Conclusions

Fourier-log and Fourier-ratio deconvolution
techniques have been applied successfully to both
low-loss and core-loss image-series. Experimental
results show that deconvolution of core-loss series,
in particular using the Fourier-log technique over
an extended energy-loss range, can give an
improvement in quantification and an increase in

ionisation edge jump ratio. Further, the removal
of plural scattering from the low-loss region allows
the retrieval of low-loss edges for use in quantita-
tive elemental mapping. The removal of plural
scattering from EFTEM image-series should im-
prove quantitative analysis of thicker specimens,
improve the ability to separate overlapping ionisa-
tion edges and allow elemental maps to be
obtained from low-lying edges normally obscured
by multiple plasmon scattering.
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