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Developing a CCD camera with
high spatial resolution for RIXS in
the soft X-ray range
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A brief outline (el

 What is Resonant Inelastic X-ray Scattering (RIXS), why is it useful, and
how can the performance of a RIXS spectrometer be improved?

* Background and results of experimental work investigating a linear
centroiding algorithm

* [nitial results from investigating non-linear centroiding algorithms
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A brief outline (el

* What is Resonant Inelastic X-ray Scattering (RIXS), why is it useful,
and how can the performance of a RIXS spectrometer be improved?

e Background and results of experimental work investigating a linear
centroiding algorithm

* [nitial results from investigating non-linear centroiding algorithms

PAUL SCHERRER INSTITUT

ezv [J__: Matthew Soman

The Open
University



http://www.google.co.uk/imgres?q=open+university+logo&um=1&hl=en&client=firefox-a&sa=N&rls=org.mozilla:en-GB:official&channel=fflb&biw=1600&bih=771&tbm=isch&tbnid=LlCnZtfRb20wiM:&imgrefurl=http://www.adamsmith.ac.uk/courses/university/Pages/default.aspx&docid=VSr6DsQhP-NV5M&imgurl=http://www.adamsmith.ac.uk/courses/university/PublishingImages/oulogo.jpg&w=890&h=613&ei=x3uiT5OsBIihOovmpO4I&zoom=1&iact=hc&vpx=343&vpy=459&dur=1306&hovh=186&hovw=271&tx=89&ty=95&sig=112351889256707789511&page=1&tbnh=113&tbnw=164&start=0&ndsp=36&ved=1t:429,r:19,s:0,i:134

Resonant Inelastic X-ray Scattering (EI

The Open
University

Measure spectrum and momentum
change of photons scattered by a sample

energy
photon in

2p core level

PR ety Ak g4
wtf 1 i t T u I gt

Sample RIXS spectrum, from D.J. Hall (2012) Example RIXS scattering for a 3d metal, from Moncton (2005).
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Why is RIXS

useful?

LEITER

Nature 485, 82—85 (03 May 2012)

doi:10.1038/nature10974

Spin-orbital separation in the
quasi-one-dimensional Mott insulator Sr,CuO;

J. Schlappa'?, K. Wohlfeld®, K. J. Zhou't, M. Mourigal®, M. W. Haverkort’, V. N. Strocov', L. Hozoi’,
S. Singh®f, A. Revcolevschi®, J.-S. Caux’, L. Patthey"®, H. M. Rennow?, J. van den Brink® & T. Schmitt

When viewed as an elementary particle, the electron has spin and
charge. When binding to the atomic nucleus, it also acquires an
angular momentum quantum number corresponding to the
quantized atomic orbital it occupies. Even if electrons in solids
form bands and delocalize from the nuclei, in Mott insulators they
retain their three fundamental quantum numbers:
and orbital'. The hallmark of one-dimensional phy
ing up of the elementary electron into its separate degrees of
freedom®. The separation of the electron into independent quasi-
rticles that v elther o ir } S %on )

. Monney', S. Nishimoto®,
1

separate itself completely from the holon. When instead of creating a
hole, as typically is done in a photoemission experiment, an electron is
excited from one copper 3d orbital to another, the phenomenon of
spin-orbital separation can in principle occur (Fig. 1a). The orbiton
created in this manner may also deconfine after exciting a spinon, thus
splitting the electron into its orbital and spin degrees of freedom®.
Here we use high-resolution resonant inelastic X-ray scattering
(RIXS) to search experimentally for spin-orbital separation in the
quasi-1D copper oxide Sr,CuOj (for material details, see Supplemen-
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Electron 'split-personality’ seen in new
quasi-particle

Researchers have discovered another
way that electrons - one of the
Universe's few fundamental particles -
can undergo an "identity crisis".

<
%4Co

Electrons can divide into "quasi-particles”, in
which their fundamental properties can split up
and move around like independent particles.

1<, 0
[ ] ’\.. !-
Kb L

The structure of the material permits careful
study of electrons as they only have one way to
move in it

Two such guasi-particles had been seen
before, but a team reporting in Nature has
now confirmed a third: the orbiton.

These orbitons carry the energy of an
electron’s orbit around a nucleus. Related Stories
Generally, these properties are not independent - a given electron has
that set of properties, maintaining them as it moves around, while a
nearby electron has a different set.

"Magnetic electricity’
discovered

X . . . i Electron particle’s
But the idea of quasi-particles allow these properties to split and move shape shown

around independently, granting them to nearby electrons.

Majorana particle
glimpsed in lab

An analegy of this slippery idea is a traffic jam on a one-lane road - tt is
as if one blue car, pointed west and running at 1,000 RPK, passes on
its blueness, its engine speed and its direction to adjacent cars.

The cases in which such strange behaviour can be induced are rare,
but an international team of researchers turned to a material called
strontium cuprate to investigate i.

The arrangement of atoms in the material is
much like the one-lane road: electrons can only
move in one direction aleng it in what is called
a spin chain.

The team used the Swiss Light Source at the
Paul Scherrer Institut in Switzerland to shine
intense X-ray beams into the material, catching
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Past energy resolution improvement (@

RIXS spectra of La;CuO; at Cu L,-edge

(a) 1996 AE=1.6eV

(b) 2000 AE=1.2 eV

—_—

(C) 2003 AE=0.8 eV

-3 -2 -1 0 1 2
Energy loss (eV)

RIXS spectra improvement, from G. Ghiringhelli and L. Braicovich
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Improvements in the resolution of
spectrometers used for RIXS have
allowed smaller spectral features to be
resolved in the past 15 years.

The experimental results included in
the example publication in Nature
(previous slide) were taken with an
energy resolution of 0.14 eV at SAXES.
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SAXES: spectrometer at the SLS (el

A dispersive spectrometer at the Swiss
Light Source, Paul Scherrer Institute

X-rays scattered

<€ from sample
(400 to 1600 eV)

Detector: a CCD Grating

G. Ghiringhelli et al. (2006)
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SAXES: current energy resolution (el

dE(meV)

Total

Source
— CCD
Slope Error

560 860 7Ell] 8?10 960 1060 1160 1260
Current setup: "
3200 lines/mm grating
Present CCD (24 um)

Slope error of 0.67 prad rms

Simulation by V. Strocov

PAUL SCHERRER INSTITUT

ezv |_J‘___ Matthew Soman

1°
The Open

University



http://www.google.co.uk/imgres?q=open+university+logo&um=1&hl=en&client=firefox-a&sa=N&rls=org.mozilla:en-GB:official&channel=fflb&biw=1600&bih=771&tbm=isch&tbnid=LlCnZtfRb20wiM:&imgrefurl=http://www.adamsmith.ac.uk/courses/university/Pages/default.aspx&docid=VSr6DsQhP-NV5M&imgurl=http://www.adamsmith.ac.uk/courses/university/PublishingImages/oulogo.jpg&w=890&h=613&ei=x3uiT5OsBIihOovmpO4I&zoom=1&iact=hc&vpx=343&vpy=459&dur=1306&hovh=186&hovw=271&tx=89&ty=95&sig=112351889256707789511&page=1&tbnh=113&tbnw=164&start=0&ndsp=36&ved=1t:429,r:19,s:0,i:134

SAXES: potential energy resolution

e

The Open
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Total
Source
—CCD

Slope Error

SE'IE] 660 ?[EO BIIJI’]D &EO 1 DEJO 1 1'00 1 2’2]]
Current setup: “
3200 lines/mm grating
Present CCD (24 um)

Slope error of 0.67 prad rms

PAUL SCHERRER INSTITUT

Total
Source -

—CCD
Slope Error

50 600 700 80 900 1000 1100 1200
Predicted response hfv:?m upgraded setup:
Improved 3200 lines/mm grating

Improved detector (5 um)

Slope error of 0.2 prad rms

Simulation by V. Strocov
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SAXES: detector spatial resolution (el

SRR MR AR IR FELERLAELAR, A R L AR R B 'F' L BRI B 1 1 1
1000+ 24"wnlﬂ'1 -

e 1 pixel _

§ 800} - The current spatial

~ resolution of the CCD is

@ given by the width of

X Gaussian-like charge cloud

a, .

o distribution.

)

g The goal is a spatial

= resolution of better than
5 um (FWHM).

-40 -30 -20 -10 0 10 20 30 40
distance from center of mass (micron)

Figure from Ghiringhelli et al. (2006)
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CCD soft X-ray detection e

Signal electrons are spread in a 2D Gaussian-like

Pixel width
<~ distribution that is sampled by the pixels.
Electrodes
Depleted
reglqn with SAXES data, from T. Schmitt
pixel 220 5
structure X-ray interaction forms 2
an electron cloud that 200
diffuses until being
attracted into the 180
potential wells
Field free 160
region

140

120

Single X-ray photons
events with their total
signal spread over multiple
neighbouring pixels

Soft X-ray is incident on ‘back surface’ of Back llluminated device
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A brief outline (el
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What is Resonant Inelastic X-ray Scattering (RIXS), why is it useful, and
how can the performance of a RIXS spectrometer be improved?

Background and results of experimental work investigating a linear
centroiding algorithm

Initial results from investigating non-linear centroiding algorithms
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Setup in PolLux microspectroscope (el ]

CCD
Beam of :
In)ildent Focussing of X-rays by
-ray Fresnel Zone Plate
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Testing at PolLux e

Typical image with single photon detected
from 15t order diffraction ring

CCD aligned to focal

Fresnel Zone Plate . ) .
point during focussing

0" order diffraction ring

Focal point

Monochromatic
X-rays
—

15t order
diffraction
ring

Mean image showing signal from
Oth and 15t order diffraction ring photons

()
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Investigating centroiding =

1000 eV
!mages Fontammg single photon interaction 200 Signal, ADU
interaction events where the event
spot is focussed in the same area ; 1200
of the pixel are selected. 5
1000
12 3
500
. . Q- . 2
Applying centroiding algorithms Number of |
to the interaction events allows events "

the distribution of centroided 10 ]'

positions to be determined. / l
aii

Width of 4 e

. . 1 2 3
distribution Centroided location,
gives spatial pixel number

resolution
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Back illuminated CCDs investigated

CCD97 CCD42-10 CCD207-40

16 um
1632x1608

Pixel size (square) 16 um 13.5 um
Image area (pixels) 512x512 2048x512
5

Effective overall
noise <1
(electrons rms)

(at 100 kHz pixel
readout rate)

Detector type EM-CCD CCD
O gg PAUL SCHERRER INSTITUT

<1

EM-CCD
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Electron Multiplying CCDs (el

The current CCD in the spectrometer operates in a ‘pile-up’ mode,
unsuitable for applying centroid algorithms required to achieve sub-pixel
spatial resolution.

Reducing the integration time of the current CCD to operate in a ‘photon
counting’ mode requires increasing the readout rate to maintain the
spectrometer throughput but then the readout noise is too high.

An additional register in Electron Multiplying CCDs apply a gain to the
signal before readout noise is added. They are capable of operating at
readout rates that will maintain the throughput of the spectrometer
whilst having a low effective readout noise.
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Spatial resolution at 850 and 1000 eV (el

850 eV photons 1000 eV photons

250 _ - _ ] 350 _
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Width of the distribution of locations determined using a 3%x3 Centre of Mass
algorithm gives worst case spatial resolution results of
less than 2 um (FWHM) for 850 eV and 1000 eV photons.

This measurement includes a contribution from the
focussed X-ray beam of at least 0.02 um
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Defocussed ‘spot” at 530 and 680 eV
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Centroided locations of single photon events in the
15t order diffraction ‘spot’ show features of the
defocussed diffraction ring
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Defocussed X-ray ‘spot’ =
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Resolved diffraction ring features

Averaged counts in centroid locations ring histogram
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Worst case spatial resolution limits achieved at these lower photon energies
are given by the smallest features observed:
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4.3 um and 3.7 um (FWHM) at 530 eV and 680 eV respectively.
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Counts

De-convolving diffraction

ring size e
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15

Centroid location, um

O Cross section from experimental data at PolLux

Model: Conwoluted X-ray distribution and Gaussian profile
""""" Model: X-ray distribution

Model: Gaussian profile
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A simple model has been
used to de-convolve the
contribution of the
diffraction ring sizes to the
worst case spatial
resolution measurements.

Spatial resolutions are
estimated at 3.5 um and
3.0 um (FWHM) at 530 eV
and 680 eV respectively.
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Soft X-ray spatial resolutions =
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A brief outline (el

 What is Resonant Inelastic X-ray Scattering (RIXS), why is it useful, and
how can the performance of a RIXS spectrometer be improved?

e Background and results of experimental work investigating a linear
centroiding algorithm

* Initial results from investigating non-linear centroiding algorithms
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Set up a Monte Carlo simulation:

Problem with linear algorithm -
- Sample a 2D Gaussian profile signal with a pixel array /’HE
- Centroid using the Centre of Mass algorithm

- Centre the next Gaussian profile in a different position of the pixel
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10000 [~ o M N e i Bog b T S B NN M b b s | a
%) o —
IS © ©
3 T -
O X X
5000 - iy .y -
o . . o
o Original locations o
5 Centroided locations B
0 C L r r r r L L
-0.2 0 0.2 0.4 0.6 0.8 1 1.2

Position across a pixel, pixel units

PAUL SCHERRER INSTITUT
l - | — Matthew Soman

The Open
University



http://www.google.co.uk/imgres?q=open+university+logo&um=1&hl=en&client=firefox-a&sa=N&rls=org.mozilla:en-GB:official&channel=fflb&biw=1600&bih=771&tbm=isch&tbnid=LlCnZtfRb20wiM:&imgrefurl=http://www.adamsmith.ac.uk/courses/university/Pages/default.aspx&docid=VSr6DsQhP-NV5M&imgurl=http://www.adamsmith.ac.uk/courses/university/PublishingImages/oulogo.jpg&w=890&h=613&ei=x3uiT5OsBIihOovmpO4I&zoom=1&iact=hc&vpx=343&vpy=459&dur=1306&hovh=186&hovw=271&tx=89&ty=95&sig=112351889256707789511&page=1&tbnh=113&tbnw=164&start=0&ndsp=36&ved=1t:429,r:19,s:0,i:134

Solution: non-linear n algorithm (el

* Like the simulation, use a flat field of X-rays. n

* Correct the linear centroided algorithm by knowing that the
distribution of interaction positions should be a flat field
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Practical application of n algorithm (el

 Interactions in Ot order ring used as an approximate flat field

* As aninitial investigation, compare the total signal in two 3x1
pixel areas (S;and Sp) around single photon events

Adjacent 3x1 pixel areas
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n algorithm results =

1D spatial resolution of applying centroiding algorithms to 1000 eV photon events as a
function of position of interaction in pixel (16 um square)
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Centre of Mass: 3%3 pixel area N: adjacent 3x1 pixel areas
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Spatial resolution of other n algorithms (el

The ratio of signal summed from other
pixel areas may be compared in non-linear

algorithms: @ Centre of Mass: 3x3 pixel area

. 1000 eV phnmr.m Two adjacent pixel areas @ Two adjacent pixels
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*
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4
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5 um goal is achievable (el

(O
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Figure from Ghiringhelli et al. (2006)
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SAXES: improved energy resolution
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Slope error of 0.67 prad rms
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Total
Source -

—CCD
Slope Error
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Predicted response hfv:?m upgraded setup:
Improved 3200 lines/mm grating
Improved detector (5 um)

Slope error of 0.2 prad rms

Simulation by V. Strocov
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Future work (el

Investigate non-linear correction for signal ratios
in other pixels areas (e.g. two 2x1 areas)

Investigate eta algorithm applied to other linear

functions of the pixel signals (e.g. non-linear
correction of 3x3 ‘centre of mass’ style algorithm)

Further analysis of data collected during past
experimental campaigns
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