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Introduction

MATools (Matlab ARPES Tools) is a Matlab package designed to process multi-dimensional ARPES data acquired at the ADRESS beamline. 
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( The package works mostly with the 2D and 3D data packed in the HDF5 format produced by SmartGUI. In this case the data includes a header with information about the basic acquisition parameters (hv, polarization, manipulator angles, analyser mode, Epass, etc). The package also supports 2D data packed in the SP2 format produced by CCDAcquire. 
( The dimensionality convention for the 3D raw data cube is shown on the sketch. The 1st dimension Energy can be either EB or Ek, the 2nd one Angle is the angle along the analyser slit, and the 3rd Scan is the scan parameter (analogous to Layer in Igor Pro) vector which can span hv or any of the manipulator angles. The values along each dimension are equidistant. 
Data Processing Functions
Exact description of the inputs, outputs and syntax of all functions from the MATools package is placed in their headers which can be seen with the help command in the Matlab enviroinment. Below we outline the purpose of all functions more or less following the data processing flow:

Reading in. – [Angle,Energy,Scan,Data,ep,Note] = ReadARPES(file) reads in HDF5 and SP2 files to return vectors of variables Angle (row), Energy (column) and Scan (empty for 2D arrays and row for 3D arrays), 2D/3D data array Data, pass energy ep required for further data processing and the information header Note.
Visualization of 3D data as a series of plots. – ViewSeries(Angle,ECorr,Scan,Data,nRows,nCols, colorScheme) plots the 3D array Data as a series of downsampled images. Of other inputs, ECorr is a 3D matrix of curvature corrected/aligned to EF energies, nRows and nCols are the number of rows and columns in which the images are shown, and colorScheme is one of the standard Matlab colorsmaps including 'jet', 'hot' and 'gray'.    

Data correlation. – [DataXC,OffsE] = SumScanXC(Energy,Data,maxLagE [,Win]) summs up separate scan frames in 3D Data with energy offsets calculated by cross-correlation between the frames within (maxLagE over the energy window interval Win (default 80% of the Energy interval). The offsets are discrete on the energy grid without interpolation, and are returned in OffsE. This function is used for long data acquisitions, where energy instabilities can be compensated by splitting the experimental run in a series of shorter acquisitions which are then summed up using SumScanXC.
Energy alignment relative to EF (or fixed peak) – [EAlign,eF,Fail] = AlignEF(Data,ECorr,eWin, dEWin,dESmooth,feat) aligns the energy scale EAlign relative to EF (or EVBM) individually for each scan frame. The algorithm is (1) calculation of the angle-integrated spectrum; (2) calculation of the logarithmic derivative I'/I. The use of I'/I instead of just the derivative I' emphasizes edges of the spectral edges without sensitivity to their amplitudes; (3) Gaussian smoothing of I'/I to suppress the noise amplified by the derivation; (4) Identification of EF as the minimum of the smoothed I'/I. The EAlign dimensions are equal to that of the 2D/3D Data. The inputs are the 2D/3D array Data, 2D curvature corrected energy array ECorr, (optional) energy eWin as an initial guess for EF, (optional) dEWin to restrict the EF search window, (optional) dESmooth as the smoothing Gaussian HWHM, and (optional or empty) feat = 'Peak' (case-insensitive) defines the feature to align as a peak instead of the default EF. If the optional parameters are omitted, the function provides reasonable default values. The outputs, apart from EAlign, are the EF position in the initial energy scale eF and the scan indices Fail where the alignment failed. NOTE: AlignEF should be applied to angle-resolved data arrays (before angle integration). 
Subtracting angle-integrated (incoherent) background. – SubtrBkg(ACorr,EAlign,Data [,EWinNorm] [,scCoeff] [,clipNeg]) subtracts angle-integrated spectral weight from Data. Before the subtraction, the data is normalized to the spectral intensity integrated within the energy window EWinNorm (default 90% of the energy range). scCoeff (default 0.7) scales the subtracted angle-integrated intensity and clipNeg indicates whether the negative values are set to zero (default 1).

Angle integration. – [DataInt,EInt] = IntAngle(Data,Angle,ECorr,Interval) angle integrates the 2D/3D array Data. Of other inputs are the 2D/3D matrix of curvature corrected/aligned to EF energies ECorr and the angle integration Interval. The outputs are respectively the 1D or 2D integrated data array DataInt defined on the 1D energy vector EInt (column).

Conversion to the k-space coordinates corrected for the photon momentum. – surfNormX = SurfNormX(hv,eB,kx,thtM,thtA[,incAlpha]) finds the surface normal angle surfNormX in the measurement plane necessary for all these conversions. Its inputs are the hv photon energy, eB binding energy and kx parallel momentum of some reference spectral structure (such as the Brillouin zone center), thtM and ThtA the corresponding manipulator primary rotation and analyser scale angles, and incAlpha the nominal X-ray incidence angle for the SX-ARPES@ADRESS geometry (20o before and 9o after the upgrade; if omitted, internally set to 20o). The photon momentum corrected k-vector components of the initial state are calculated with the subroutines kx = Kxx(HV,Eb,thtM,ThtA,surfNormX[,incAlpha]), ky = Kyy(HV,Eb,ThtA,thtM,TltM,surfNormX[,incAlpha]) with tltM being the manipulator tilt relative to the surface normal tilt, and kz = Kzz(HV,Eb,thtM,ThtA,TltM,v000,surfNormX[,incAlpha]) with v000>0 being the inner potential relative to EF. NOTES: (1) These conversion functions imply the SX-ARPES@ADRESS standard geometry and axes notation, with the analyser slit oriented in the measurement plane; (2) The functions should work with different dimensionalities of the input data, but this has not yet been carefully tested.
2D iso-energy and iso-angle data slices. – [DSlice,XSlice] = Slice(ACorr,ECorr,Data,xMode,Win) calculates 2D array DSlice of intensity (integrated within the window Win) as a function of 2D array XSlice (calculated in the middle of Win ). XSlice defines a grid of angles/momenta in the iso-energy mode (xMode = 'IsoE') or angles/momenta against energies in the iso-momentum mode ('IsoK'). The input 3D array Data of intensity is defined on the 1/2/3D array ACorr of [warping corrected] angles/momenta, 1/2/3D array ECorr of curvature corrected [aligned] energies and vector Scan of angles/hv/momenta. This function is used for the Fermi surface plots (xMode = 'IsoE') and E(kz) plots ('IsoK').
MDC and EDC cuts. – Similarly to Slice but operating on 2D data, [DCut,XCut]=Cut(ACorr, ECorr,Data,xMode,Win) calculates 1D array DCut of intensity (integrated within the window Win) as a function of 1D array XCut (calculated in the middle of Win). XCut defines a vector of angles/momenta in the MDC mode (xMode = 'MDC') or vector of energies in the EDC mode ('EDC'). The input 2D array Data of intensity is defined on the 1/2D array ACorr of [warping corrected] angles/momenta and 1/2D array ECorr of curvature corrected [aligned] energies.
Remapping on rectangular grid. - [AngleR,EnergyR,DataR]=Remap(ACorr,ECorr,Data) remaps the data array Data defined on the arrays of corrected angles ACorr and energies ECorr onto

DataR defined on the rectangular grid formed by the vectors of angles AngleR and energies EnergyR
Contrast adjustment. – DataC = SetContrast(Data,minFrac,maxFrac,gamma) increases the image contrast by saturating the lowest and highest data values within the minFrac and maxFrac (= 0 to 1) fractions of all data points and setting gamma-correction with the parameter gamma.

Gaussian denoising. – ImgSm = Gaco2(Img,hwX,hwY,hsX,hsY) convolves vector or matrix with Gaussian of half-width/support along the rows hwX/hsX and along the columns hwY/hsY. The input data is padded by the end values. Subtracting heavily smoothed images can be used for spectral structure enhancement. ImgSm=GaussFilt2(Img,hwX,hwY,hsX,hsY) has the same functionality, but internally uses the standard Matlab filtering procedure with a Gaussian kernel and is therefore slightly faster.

Differential peak detection. – Img = DiffFlt2(Img,scheme,sharp [,d2X/dY2]) applies a differential filter to sharpen the structure of the image along the columns (scheme = '1D') or both dimensions (scheme = '2D'). The sharpening is tuned by sharp which varies from 0 (essentially smooth second derivative) to 1 (singular 1/first derivative). Algorithms: Zhang et al, Rev. Sci. Instr. 82 (2011) 043712
Separation of non-dispersive spectral component. – [AA,ClipIm] = UnDisperse(A,hwSm, threshD2[,threshD1]) clips the band-dispersion regions from the 2D ARPES image and evaluates the remaining k-integrated spectral component. The dispersion regions are identified by the condition ‑d2I/dE2>threshD2 (between the peak inflexion points) or, if the fourth argument provided, by | d2I/dE2|>threshD2 and | dI/dE|>threshD1 (larger peak base width). Before the derivation, the input image A is Gaussian pre-smoothed in the energy direction with hwSm, and the output 1D spectrum AA post-smoothed with hwSm/2. The output 2D array ClipIm shows the clipped dispersion regions. 
Image plots. – h=ImData(X,Y,Z,style) is a generic 2D image plot utility based on Matlab's pcolor. It plots the 2D array Z agains the coordinates X and Y which can be either vectors (rows or columns) or 2D arrays. The plot uses either 'flat' or 'interp' rendering style. The handle h can be used for further manipulation of the image (rotation, etc.)

Application examples in /Examples/. – The Matlab notebook ExamplesLive.mlx and the corresponding pdf-file contain a simple example of ARPES data processing which is applied to a 3D data cube Data_Ex1.h5 acquired under a scan of hv. This example illustrates most aspects of the data read-in, processing and visualization. Furthermore, the Matlab notebook ExamplesLive_WarpCurvCorr.mlx gives examples of the warping and curvature correction. The notebook BlindDeconvReport.mlx and corresponding pdf-file describing possible applications of blind deconvolution algorithms to ARPES data.
Utility functions. – The folder /Utils contains the service utilities called by the main MATools functions.
Stand-alone programs
Generic ARPES data visualization tool. – /ARPESView/ARPESView.m combines the above data processing subroutines in a user-friendly GUI used at the ADRESS beamline for online evaluation and visualization of the ARPES data.
k-space navigation tool. – /KNavi/KNavi.m is a user-friendly GUI to calculate the 3D electron momentum corrected for the photon momentum. The calculations are adopted for the actual experimental geometry and sign convention shown as an image in the GUI (image file Scheme.PNG).
Beamline resolution calculator. – ResBeamline.m is an offline calculator for the beamline resolution. Added geometrically to it, the analyzer resolution is estimated as (E = 0.9*Epass for the 0.2-mm slit and 0.5*Epass for the 0.1-mm slit.
Rarely used utilities
Rarely used supplementary utilities are placed in the folder /MATools/Supplementary/. 
Skew correction (used to compensate misalignment of the detector CCD). – DataCorr = SkewCorr(Angle,Energy,Data,AngleC,EnergyC,DataC[,eLoc][,feat]) removes skewing of Data in energy as function of angle, which may result from certain irreproducibility of the analyzer slit setting. The algorithm uses 2-order polynomial fit of the Fermi edge or spectral peak in the calibration data, averaged within 20 angular bins, and AlignEF.m with default energy window and pre-smoothing parameters. The inputs are Angle (1D-row), Energy (1D-column) and Data (2D or 3D) of the skewed data, AngleC (1D-row), EnergyC (1D-column) and DataC (2D) of the calibration data, and optional eLoc (default eLoc=0) to specify approximate energy of the calibration spectral structure, and optional feat = 'EF' or 'Peak' (case-insensitive, default 'EF') the type of this structure. The skew corrected output is returned in DataCorr as a function of the same Angle and Energy.
Laplacian peak detection (superceded by more convenient DiffFlt2). – Img = LaplaceFlt2(Img [,y2xRatio] [,order]) computes the 2D Laplacian of the image. The y2xRatio can be varied (default = 1). The 2nd or 4th Laplacian order scheme can be specified (default the 2nd).

Gaussian denoising (functionally identical to Gaco2 but uses Matlab's native algorithm). –  Img=GaussFlt2(Img,hwX,hwY,hsX,hsY)
Curvature peak detection (superceded by more convenient DiffFlt2). – Img = CurvatureFlt2(Img [,order,CX,CY]) computes the 1D and 2D curvature of the image. In the 1D case CX/CY are weighting factors for the horizontal/vertical directions. In the 2D case these are scaling factors (for details see the online help in the source file).
Warping and curvature correction utilities (obsolete)  

The following utilities and corresponding data files in /MATools/ should be applied to correct angular warping and energy curvature for the data taken before May 2014. These utilities are obsolete for the data taken afterwards because the curvature and angular warping corrections are implemented directly in the data acquisition software. The technical note CurvatureAndWarpingGuide.doc describes the warping and curvature correction algorithms, and the Matlab notebook ExamplesLive_WarpCurvCorr.mlx the application examples. ARPESView still calls these utilities for seamless working with the older data.
Curvature correction. – ECorr = CurveCorr(Angle,Energy [,ep] [,CurveCorr]) creates a 2D matrix of energies corrected from the curvature caused by spherical aberrations in the analyser hemisphere. If ep is skipped, it is determine automatically based on the Energy range.The correction dependence on Epass is described by the calibration table in the file CurveCorr; if skipped, the table is taken from CurveFit.dat. This procedure introduces curved energy scale array without changing of the data array. NOTE: CurveCorr assumes the raw size of the Angle and Energy arrays as delivered by ReadARPES without trimming.
CurveFit.dat has been experimentally determined for the actual PHOIBOS-150 analyser and normally should not be changed by the user. It has been generated from a series of core-level spectra taken at different Epass and analyzed with CurveEval.m in /Utils.

Warping correction. – ACorr = WarpCorr(Angle,Energy[,ep] [,HV]) creates a 2D/3D matrix of angles corrected from the distortions caused by inaccuracy of the standard warping correction due to residual misalignments of the analyzer lens. Energy can be either in kinetic or binding energies; in the latter case a scalar or raw vector of photon energies HV should be supplied. If ep is skipped or empty, it is determine automatically based on the Energy range. The correction dependence on the retarding ratio Ek/Epass is described by the calibration table in WarpFit.dat. This procedure introduces curved angular scale array without changing of the data array. NOTE: WarpCorr assumes the snapshot data acquisition mode. Angle and KEnergy arrays must have the raw size as delivered by ReadARPES without trimming.
WarpFit.dat has been experimentally determined for the actual PHOIBOS-150 analyser and normally should not be changed by the user. It has been generated from a series of slit-array spectra taken at different Ek/Epass and analyzed with WarpEval.m in /Utils.
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