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Applications of Convolution in TEM

Smoothing of data
Differentiating of data (e.g. divergence, ...)

Simulate the effect of microscope instabilities (e.g.
sample vibrations for images, energy fluctuations in
spectra)

(Siré\ul)ate the effect of detector point spread functions
PSF

Simulate the effect of microscope aberrations in HAADF-
STEM (based on an oversimplifying approximation)
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Applications of Deonvolution in TEM

* Inversion of gradient and divergence operations

» Removal of microscope instabilities (e.g. sample
vibrations in images, energy instabilities in spectra)

* Removal of microscope aberrations in HAADF-STEM
(assuming that the image is the convolution of probe and
object function)

» Removal of plural scattering in EELS

* Removal of source energy spread in EELS
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Definition of Convolution

o f®g=[f0)glr—r)dr

o f®g= ][ y) gx—x,y=)")dx'dy

—00—00

In general, the value of F(r)=f(r)®g(r) depends on the values of f(r) and g(r)
for all r, i.e. across the whole image
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Computing the gradient by convolution

Real space:

df_f;'+l_f;’_ 1 I _ _
== fen D= )

o df:fm_fi—1:f®Dl D1=(l 0 _1)
dx  2-Ax .

dx dx

= =FT"'2n-FT|f] ¢}

Discontinuous edges! ‘ dx

[F, = Fourier components of f(x)]
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The DM function ‘offset(img,dx,dy)’

Dffse = offset vector

number width, height

Image img=getfrontimage()
[img. getsize(width, height)

Image imgoffs = exprsize(width,height,offset(img,70,-501]

Towimage Cimgo sl

One must provide the command ‘offset’
with the size of the target image bei either:
« create the target image beforehand, or
* use ‘exprsize’
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Expand images using ‘offset’

i expandimage

number wi dth, height
number edge = 100;

getnumber("Enter width of edge to create around image:",edge,edae);
Tmage img=getfrontimage()
img. getsize (width, height)

Image imgoffs = exprsize(width+z*edge, height+z*edoge, offsetlima, -edoe, -edgel])
SHoWTMage (1mgoT s )

|
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One dimensional derivative: Edge detection

SpectrumProfile

I Saving

\F: Untitled

ira horzLineDetect
number width,height

Image img=getfrontimage(]
img.gersize(widch, height)

Image imgoffsl = exprsize(width,height,offset(img,0,13)
Image imgoffsz = exprsize(width,height,offset(img,0,-1))
showimage ([img-imgoffsl)* (imgoffsz-img))
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Computing the divergence by convolution

Real space:
0 fx,y T,y
&f(xay) (3(3"2 ) [.j(yi )
1 1 1
M (x,y)=f®D] D |l 81

= .~ L 2m(q,x+q,y)
Af - 2 + ZF 9554y €

_ 2 2 2 27(q.x+q,)
__471- Z(qx +qy).qu’qy e ’

= A =FT' -4 - FT[f](¢* +¢°))
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Transport of Intensity Equation (TIE)

The wave function satisfies the Schrédinger eqn
in free space (Fresnel propagation):

.
(2;‘::.‘,—'+ Vit 2&1)-1-;13.:) =0
oz

The phase of the electron wave is then given by:

. 2T 1 5 0 .
d(xyz) = — Tvxf V,W (W Vw‘ﬂf = I(X_IJZ})

where Inverse Laplace operator

Vivz) = 1(xvz) explip(xyz) } exp{ikr}
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Edge detection using the Sobel Filter

(Application: e.g. alignment of EFTEM images with very different contrast)

-1 0 +1 F1 42 41
Gx=|-2 0 +2[*A and Gy=|0 0 0[=xA
-1 0 +1 -1 -2 -1

/
G = ;‘Gx2 | Gyi Kernel, Kernel,

Intuitive code to compute G_=Kerne|_*A:

for (ix=0;ix<Nx;ix++) {
for (iy=0;iy<Ny;iy++) {
for (ix2=-1;ix2<=1;ix2++) {
for (iy2=-1;iy2<=1;iy2++) {
SetPixel(Gx,ix,iy,Gx(ix,iy)+Kernel(1+ix2,1+iy2)*A(ix+ix2,iy+iy2));

}

} | 5 computeGx
}

dnumber width,height
Image img=getfrontimage()
img.getsize(width,height)

}

Image Gx = CreateFloatImage("Gx",width, height)
fs< = -1¥offset(img,1,1) +l*offsetimg,-1,1) %
! -z*offset(img,1,0) +z*offsetlimg,-1,0]
-z¥offset(img,1,-1)+1%offset(img,-1,-1]
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The Modulation Transfer Function (MTF)

A sharp image produced by the electron wave on the
detector will be smeared by “cross-talk” between the
pixels of the detector.

If an electron hits the scintillator (or phosphor screen)
above a certain CCD pixel, then the neighboring pixels
may also receive a few photons (this is also true for film
and imaging plates).

The resulting image is the convolution of the original image
with the MTF:

1, (F) = 1, (F)® FT™'[MTF (3)]
= FT{FT[1,,,,(F)]- MTF (§)}
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Detector Point Spread Function

1.} Stopped in the scintillator. Scintillato
2.) Back-scattered from the scintillator. ¢
3.) Stopped in the support. Support \}_’)
4.y Back-scattered from the support. 3 }
S0 pum

Voltage| 100 kV| 200 kV | 300 kV [ 400 kV

Type 1 82%| 16%| 0.6% 0 %

Type 2 [8%] 20%(| 10% 5%

Type 3 0% 48%| 66 % 0%

Type 4 0% 16%| 22%| 25%

Slide: A. Kirkland
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MTFS of a YAG scintillator at 100kV

1
) : MTFS MTFNS
Experimental s —
0.8 =
Simulated ===== smmas
06 [
0.4 [
0.2 [
0 - .
0 0.1 02 0.3 0.4 05

Slide: A. Kirkland
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MTFES of a phosphor powder
scintillator
! 01
MTES MTEFS at Nyquist
08} 008 (4=0.5)
ool ¢
75 keV ¢ .
0.6} 0.04 ¢ 7
oo
Py [}
0.02
0.4 1400 ke
350 keV % 10 200 300 40
300 keV E/keV
021950 keV 1
200 keV
1) oxtordtiman— 5 0.2 0.3 0.4 0.5
Slide: A. Kirkland
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MTF of Image Plate

Point spread function of image plate
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Comparison Image Plate - CCD

Point spread function of image plate

-l T
_ MTFS MTFNS
Experimental == s—
0.8 1
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Max-Planck Institut fir Metallforschung Universitat Stuttgart

Convolution -> Deconvolution

Convolution of an image with the detector MTF (also called point spread function [PSF]):
Iy (F) = 140 F)® FT ' [MTF (§)]
= FT{FT{1,,,,(F)]- MTF (§)}

De-Convolution of an image with the detector MTF:

Ly (F) = FTFT|L, ()| MTF ()]

Problem: At high frequencies the MTF(q) is MITS MIES at Nygquist
very small (division by small numbers!) and e X, ok B
. . 25 keV L]
loxp(r) May be dominated by noise. ™| % il o
=> Noise Amplification! \ 7
0.4 | 40 ke |
250 keV
Max-Planck Institut fiir Metallforschung 00 ke




Avoiding Noise Amplification

Possible solutions to avoid noise amplification are:
1. Impose an upper limit on 1/MTF(q)

2. Lower the upper limit on 1/MTF(q) with increasing q
(S/N ratio usually decreases)

3. Let1/MTF(q) go to zero above a certain resolution q
(ideally q should match the resolution present in the
image data)

4. Make sure that the deconvolution kernel (e.g. MTF(q))
is smooth. Otherwise this makes errors even worse.

Use Richardson-Lucy deconvolution

Use Maximum Likelihood deconvolution
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1. Upper limit on Inverse of Convolution Kernel

Use the DM command ‘tert’:

Image img = getFrontImage ()
Image iMTF lim = tert(1/MTF>thresh, thresh, 1/MTF)

T [

condition condition condition
true false

Image deconv = realifft(realfft (img)*iMTF 1im)

for options 2 & 3: replace thresh with a Gaussian image
(see script “GaussEdgeSmoothinginterp.s”)
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Convolution Kernel must be sensible

Convoluted (élzxperi%entall) image

Original image The PSF cannot be

broader than the sharpest
. feature in your image!

PSF

%)
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DM-EELS Function: “Sharpen Spectrum”

#/B; Profile Of 01EELS spectrum {cumulative)image
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‘Sharpen Spectrum’ with ZLP extracted from spectrum

iw4/B: Profile Of 01EELS spectrum {cumulative)image E”E|ri|

-G o S 10 15 20 25 30 35 40
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How does ‘Sharpen Spectrum’ work?

1. Fit a Gaussian to the narrow central portion (within 90%
of the maximum, mimimum of 3 channels) of the zero-
loss peak [ZLP] (=Convolution kernel)

2. Replace that portion of the ZLP with a d-function of
equal area.

3. Subtract the fitted Gaussian from the original data and
set negative pixels of the resulting “Gaussian-subtracted
ZLP” to zero.

4. Place the total Intensity difference between the ZLP and
the “Gaussian-subtracted ZLP” in a single pixel at the
position of the ZLP maximum (=> delta-function).

5. Normalize this modified ZLP to 1 and makesure the
delta-function is in pixel(0,0).
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How does the ZLP-extraction from the spectrum work

w1 B: Profile Of 01EELS spectrum (cumulative Jimage EH’E”X\ 1 ) A symmetric ZLP is
Sican assumed. The right hand
5000 L side of the ZLP below 4 of
oo its height is replaced by its

left hand side.

2. Negative counts in the
“inelastic spectrum” (original
— ZLP) are set to zero.
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EELS Multiple Scattering Deconvolution

Assuming independent scattering events the intensity in an experimental EELS
spectrum can be simulated by the expression

t 1(¢ t
Iexp(E) _ZLP(E)®|:zItheor(E)+E!(zltheor(E)j®(Z]theor(E)j+"'j|

= ZLP(E)® FT™ {exp{% FT[1,,, (E)]H
=FT" {FT[ZLP(E)]-exp&FT[Im (E)]]}

This means, in order to extract the true spectrum I,,..(E) from an experimental
spectrum one must first deconvolute by the ZLP as precisely as possible.
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EELS Multiple Scattering Deconvolution (2)

Inverting the previous expression, one can extract the single scattered spectrum
from the experimental data according to

L[SS (E) — FT—I {ln( FT ;Itheor (E)_ J}
J1 FT[ZLP(E)]

How does an incomplete deconvolution of the ZLP
(or deconvolution by a smoothed ZLP) affect I, (E)?

It mainly affects the resolution of I ((E). Peak positions and —heights
will hardly be affected.
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Result of Richardson-Lucy Deconvolution

i K: 01_zAIGaAsDeconv2D_B0iterations

_ 1T
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Maximum Entropy Principle?

27 Jaw of Thermodynamics:
“The entropy of an isolated system not in equilibrium will
tend to increase over time, approaching a maximum
value at equilibrium.”

Result: In the absence of any constraints, a gas, for
example, will distribute evenly.
If constraints are present, then a condition which
maximizes entropy and satisfies the constraints will be
reached.

Max-Planck Institut fir Metallforschung Universitat Stuttgart

Maximum Entropy Image Deconvolution

An image that is sought which satisfies the following
constraints:

1. Its difference to the original image must be within a
certain limit

2. No negative counts occur (unphysical)

3. The noise statistics agree with Gaussian or Poisson
statistics

4. The proper MTF / PSF (e.g. in HAADF-STEM) is
considered.

5. ... other sensible linear constraints ...

(Non-linear constraints are also possible, but then the
solution is not easily found [see, e.g. Focal Series
Reconstruction])

Max-Planck Institut fir Metallforschung Universitat Stuttgart




Deconvolution HAADF imaging

(from the documentation of the DeConvHAADF plugin by HREMResearch)
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Iterative Deconvolution algorithms

Maximum Entropy Algorithm:

) . ke \ h.—(g= f*), -
o b= —El,ff.k lu‘:?rfl,fr.j‘/l,f:i - ""E % where ‘_,rf“ =1

i i Lt J-.'

Richardson-Lucy [RL] Algorithm:

P(x.Eyplx) _
Yt E) =t f dx using y'(&) =1
JP{x:hr( dE

P(x) = f P(x —EW(E)dE
P(E) = [ QE - 1)p(x)dx

The RL-Algorithm converges to the Maximum Entropy solution
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