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1. Introduction 

 

1.1 PETRA III extension  

DESY is one of the world’s leading accelerator centers and a member of the 

Helmholtz Association, Germany’s largest scientific research organization comprising 

18 scientific- technical and biological-medical research centers. It develops, builds 

and operates large particle accelerators used to investigate the structure of matter. 

Photon science is a major branch of its research activities and DESY has a long 

standing tradition in the use of synchrotron radiation. For almost 38 years, the 2nd 

generation facility DORIS served as a very productive high-flux source for 

synchrotron radiation based research until it was finally shut down in October 2012. 

Currently, the main photon sources at DESY are the storage ring PETRA III and the 

Free-Electron-Laser FLASH, offering unique research possibilities for an international 

scientific community. 

PETRA III is a low-emittance (1 nmrad) 6 GeV storage ring having evolved from the 

conversion of the large PETRA accelerator into a 3rd generation light source. 

Construction started in 2007 and first beamlines became operational in 2009. Today, 

a total of 14 undulator beamlines are in user operation in the Max-von-Laue 

experimental hall covering 1/8 of the storage ring. The focus of this facility is on 

applications making optimum use of the high beam brilliance especially at hard X-ray 

energies, i.e. experiments aiming at nano-focusing, ultra-high resolution studies and 

coherence applications. Because a number of very productive techniques formerly 

available at DORIS III are not currently implemented at PETRA III and the user 

demand for access to the new beamlines was anticipated to be very high, it was 

decided to extend the experimental facilities at the new source and to provide 

additional beamlines. This PETRA III extension project adds two new experimental 

halls on either side (North and East) of the current Max-von-Laue hall making use of 

the long straight sections and part of the adjacent arcs (see Fig. 1.1.1) 

Fig. 1.1.1 
View of the PETRA III storage 
ring (red line). The present 
experimental hall is shown 
together with the additional 
experimental halls in the 
North and East which are 
currently under construction.  
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The northern straight section accommodates one of two 40 m long damping wiggler 

arrays producing an extremely hard and powerful x-ray beam which will also be 

utilized for materials science experiments. The long straight section in the east is 

available for additional insertion devices. In order to accommodate insertion device 

sources in the arc sections, which are filled with long dipole magnets yielding a rather 

soft X-ray spectrum, the machine lattice will be modified. The new lattice adds double 

bent achromat (DBA) cells in the arcs, each allowing for a 5 m long straight section. 

Similar to the present PETRA III beamlines, these straights will serve two beamlines 

independently by use of canting dipoles resulting in two separate 2 m long straights. 

Different from the present 5 mrad canting scheme, a canting angle of 20 mrad was 

chosen at the extension beamlines to provide more spatial flexibility for the 

experiments further downstream. In total, the new lattice provides eight short straight 

sections in the two arcs with source properties corresponding to a high-beta section 

at PETRA III making them very suitable for the use of undulators. 

Some of the new beamlines will be designed as ”short undulator” beamlines 

continuing most of the productive techniques formerly provided at DORIS III bending 

magnet beamlines. These sources will not only be very well suited for the spectrum 

of applications to be relocated from DORIS III but also provide a considerably 

brighter beam. In addition, high-brilliance long undulator beamlines will be built, three 

in collaboration with international partners Sweden, India and Russia. These 

beamlines will be located in hall east. 

Since 2009, the science case and specifications of the techniques to be implemented 

are being discussed with the user community, scientific advisory bodies and 

international partners. A number of specific user workshops have been held. A critical 

issue is the timing of the construction of the extension project because its realization 

requires a complete shutdown of the current PETRA III user facility for an extended 

period of time. Also, a prioritization scheme has been defined for a successive 

implementation of the new beamlines in three phases (see Table 1.1.1).  

 

 Fig. 1.1.2 
Experimental halls PETRA III North (with beamlines P61 – P65) and PETRA III East (with 
beamlines P21 – P25). 
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Phase 1 Beamlines P64, P65 

Phase 2 Beamlines P21.1, P21.2, P22, P23, P24 

Phase 3 Beamlines P61, P66 

Not funded yet Beamlines P25, P62, P63 
 

 
Table 1.1.1: Development phases of the PETRA III extension. 

Phase 1 beamlines P64/P65 (X-ray absorption spectroscopy) are planned to become 

operational in summer 2015. The civil construction of the PETRA III extension started 

in February 2014 by completely removing the storage ring at the site of the new 

experimental halls and demolishing the old concrete ring tunnel. At the time of this 

writing, the civil engineering is progressing according to schedule. Since mid-August, 

2014, the new tunnel areas inside the buildings are completed and re-installation of 

the modified storage ring has begun while completion of the buildings outside 

continues. During the initial construction phase of the experimental halls until the end 

of 2014, the storage ring cannot be operated and the user operation at PETRA III will 

pause. Every effort is being made to minimize this interruption. The completion of the 

new facilities PETRA III North and East will continue in parallel to the user operation 

at the present beamlines in the Max-von-Laue hall which is planned to resume in 

April 2015. 

1.2 HAXPES at PETRA III 

Parallel to the successful user operation of a high-energy photoemission setup at 

DORIS wiggler beamline BW2 (until the shutdown of the facility in Oct. 2012), efforts 

were made to propose and seek funding for a HAXPES instrument at DESY’s high-

brilliance X-ray source PETRA III to utilize its source properties for state-of-the-art 

experiments. A brief milestone history is summarized in Table 1.2.1. 

The HAXPES spectrometer at PETRA III was installed in the last experiment hutch 

(EH3) of resonant scattering and diffraction beamline P09, sharing the beam with two  

2003 
Working group for promoting HAXPES at PETRA: 
R. Claessen  (U. Augsburg),  L. Köver (Debrecen),  J. Woicik (NIST), 
J. Zegenhagen (ESRF),  W. Drube (DESY) 

2004 
TDR for initial PETRA III beamlines  proposal for HAXPES instrument 
International review 2004   not recommended for phase I beamlines 

2006 
New proposal for an HAXPES end station at P09  (Felser/Claessen/Drube) 
 BMBF funding + contributions by U. Mainz (Felser) 
 recommended by Photon Science Committee (PSC) 

2009 start of initial instrument commissioning in EH3 of P09 

2010 
Full user operation since Sept. 2010 
approved proposal for BMBF funding (Mainz/Würzburg) of new spectrometer 

2011 
Proposal to relocate HAXPES to the upcoming P22 beamline discussed and 
approved by PSC 
4th international HAXPES conference held at DESY (Sept. 2011) 

2013 New HAXPES instrument in user operation at P09 since summer 2013 

2014 TDR for HAXPES at beamline P22 

Table 1.2.1 
Milestone history of HAXPES at PETRA III 
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diffraction instruments in EH1 and EH2 (Fig. 1.2.1). The X-ray optical parameters of 

this beamline are very well suited also for HAXPES applications. 

 
Fig. 1.2.1 
View of sector 6 of the Max-von-Laue Hall at PETRA III accommodating canted beamlines 
P08 and P09. The present HAXPES instrument is located in the last experiment hutch (EH3) 
of Resonant Scattering and Diffraction Beamline P09 at about 93m from the source.  

 

At the beginning of the HAXPES activities at P09, considerable effort was made to 

commission the electron spectrometer (SPECS Phoibos 225 HV) and to improve its 

performance in close collaboration with the manufacturer SPECS. This system was 

one of the two first high-energy instruments developed and manufactured by SPECS 

(in parallel, the second system was in commissioning / operation at ESRF beamline 

ID32). The initial P09 SPECS instrument was contributed by university of Mainz (AG 

Felser) and had been in user operation until summer 2013. It was capable of 

measuring photoelectrons with kinetic energies up to 15 keV and had an integrated 

micro-Mott spin detector. The setup was not originally designed for use at this 

beamline and some compromises had to be made in the operation. However, the 

finally achieved overall performance was competitive with comparable state-of-the-art 

instruments at other laboratories (such as SPring-8). 

Institution / group Funding Intrumentation / personell 

University of Mainz / 
C. Felser 

BMBF (05KS7UM1) 
Period 2007-2009 
and Univ. of Mainz 

SPECS Phoibos 225HV (contrib. 
university of Mainz); X-ray mirror, 
HAXPES experiment platform; PostDoc 

University of Würzburg / 
R. Claessen 

BMBF (05KS7WW3) 
Period 2007-2009 

OMICRON 5-axis manipulator;  
PhD student 

University of Mainz / 
C. Felser 

BMBF (05K10UMA) 
Period 2010-2013 
and Univ. of Mainz 

SPECS Phoibos 225HV spectrometer (on 
loan from university of Mainz); PostDoc 

University of Würzburg / 
R. Claessen 

BMBF (05K10WW1) 
Period 2010-2013 

Improved SPECS Phoibos 225HV with 
wide angle lens / delay-line detector;  
HAXPES analysis chamber; PhD student 

University of Würzburg / 
R. Claessen 

BMBF (05K13WW1) 
Period 2013-2016 

HAXPES spin detector for SPECS 
electron spectrometer 

MEPhI (Moscow) & DESY / 
A. Zenkevich / W. Drube 

BMBF (05K10CHB) 
(German-Russian 
collaboration) 

high-energy electron source, low energy 
electron flood gun, sample storage & 
transfer system; engineer 

University of Mainz / 
G. Schönhense 

BMBF (05K13UM4) 
Period 2013-2016 

spin detector system for HAXPEEM 
instrument  

Research center Jülich / 
University Duisburg-Essen 
C.M. Schneider 

Peter-Grünberg 
Institute, Research 
center Jülich 

HAXPEEM instrument 

Table 1.2.2 
Third party funding and contributions by user groups 
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The success of HAXPES at P09 is strongly linked to the engagement of the user 

community who also considerably contributed to the instrumentation through BMBF 

(Federal Ministry of Education and Research) funded projects and/or home institute 

funding (see Table 1.2.2).  

 

In order to further enhance the instrumental performance, an improved version of the 

electron analyzer has been developed by SPECS in coordination with DESY and 

University of Würzburg (AG Claessen). This instrument will also be used at P22 and 

will be described in detail in this report. The new system, which has been in user 

operation since summer 2013 was specifically designed for use at P09 and funded 

by BMBF and DESY (in collaboration with University of Würzburg, Table 1.2.2). 

Downstream of the HAXPES instrument in EH3 additional space is available for user 

supplied instruments, which can be attached to the vacuum system of the HAXPES 

chamber, letting through the X-ray beam, which is passed on to the downstream 

instrument. At P09, this option was successfully used for an energy-filtered hard X-

ray photoemission electron microscope (“HAXPEEM”) working with electron kinetic 

energies up to 10 keV. This instrument was developed by Focus GmbH in 

collaboration with research center Jülich (C.M. Schneider). Following very promising 

feasibility experiments with an existing modified NanoESCA instrument at P09, a new 

HAXPEEM instrument was developed which meanwhile has been partly 

commissioned at P09. This is also planned to be used later at P22.  

 

The success of the HAXPES instrument at P09 has shown that there is strong user 

demand for this spectroscopic technique at PETRA III. Therefore, a further operation 

of the instrument as one of three in separate hutches in a time sharing mode at P09 

seemed no longer appropriate. It was therefore decided to relocate the instrument to 

a new home, namely the X-ray Spectroscopy Beamline P22 at the upcoming PETRA 

III extension (hall East). It is planned to have first beam for commissioning at the new 

beamline in summer 2016. Relocation of the instrument is planned when all required 

X-ray optics at P22 are in place and the beamline commissioning is fully completed in 

order not to compromise the HAXPES user operation. This is expected at the end of 

2016.  

 

A HAXPES user workshop was held on July 3, 2014 to discuss the technical design 

of the new beamline and instrumentation including control software and other 

requirements with the user community. The outcome of the discussion was a basis 

for finalizing the specification of the HAXPES part of the beamline as described in 

this report. 
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2    Beamline and X-ray optics 
 

2.1 Layout and hutches 

 
The overall optical layout of beamline P22 is schematically shown in Fig. 2.1.1. The 

undulator beam is monochromatized by a LN2-cooled Si double-crystal high heatload 

monochromator with two crystal sets, Si(111) and Si(311).  An optional 4-bounce 

post-monochromator with interchangeable crystal pairs is used for higher resolution 

requirements. A diamond phase retarder allows variable polarization, left/right circular 

and vertical linear. Variable focusing at the two instrument positions in the 

experimental hutch, HAXPES and HAXPEEM, is achieved by the combination of a 

set of primary mirrors (one vertical focusing deflecting horizontally, one plane for 

constant beam offset) and a horizontal deflecting and focusing mirror close to the 

instruments (this scheme is very similar to the one at Diamond beamline I09).  

 

 

 
Fig. 2.1.1 
Schematic layout of beamline P22. Optical components between 50 m and 69 m are 
located in the optics hutch which is common to beamlines P22 and P23. The first 
instrument in the experimental hutch is installed at 80.6m from the source. 

 
 
Because of the canted beamline scheme, beamlines P22 and P23 both belong to 

sector 2 and are close to each other sharing a common optics hutch. The 

arrangement of hutches in experimental hall east (PXE) is shown in Figs. 2.1.2 and 

2.1.3.    
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Fig. 2.1.2 
Beamline floor plan in experimental hall east (PXE).  

In the close-up view (Fig. 2.1.3) it is indicated that beamline P22 may accommodate 

two independent experimental hutches (EH1 and EH2) lined up along the beam 

together with individual control hutches (CH). The present report only deals with the 

planned instrumentation in EH1 (circled). The downstream hutches will not be built in 

the current project phase because of insufficient funding. Therefore, the optical layout 

is not yet designed for focusing in EH2. However, the optics hutch (OH) provides 

enough space to implement further optical components at a later stage if needed.  

 
 

 
 
Fig. 2.1.3 
Beamline floor plan in experimental hall east (PXE). Beamlines P22 and P23c share a 
common optics hutch (OH). At P22 and P23, only the first hutches (EH1, CH1) will be 
initially implemented.   
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The approximate arrangement of X-ray optical components in the optics hutch is 

shown in Fig. 2.1.4. The position of the primary mirrors will be closer (as indicated in 

the figure) to the upstream optics leaving more space downstream for later options.  

 
Fig. 2.1.4 
Layout of the optics hutch which is shared by beamlines P22 and P23. The 
cryo-cooler units are outside (on the right), not visible in this view. 

 
Figure 2.1.5 shows the detailed layout of the experimental hutch (EH1) and control 

hutch (CH1). EH1 accommodates two instruments, the relocated HAXPES 

instrument from P09 (upstream, i.e. right) and the HAXPEEM setup (downstream, i.e. 

left). Also indicated is the last focusing mirror which will be the first upstream 

component in the hutch. Note the lateral space limitation due to the neighbouring 

beamline P23 which passes through EH1.  

 

 

Fig. 2.1.5 
Layout of the experimental (EH1) and control hutch (CH1) at P22. The 
flight tube of neighboring beamline P23 is passing through EH1 limiting 
the lateral space at the first instrument (HAXPES setup). Also, the P22 
flight tubes pass through the control hutch.   
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2.2 Frontend and undulator 

 

Beamline P22 is located in sector 2 of hall east sharing the 5 m straight section of the 

DBA lattice with beamline P23 (Fig. 2.2.1). Similar to PETRA III beamlines in the 

Max-von-Laue Hall, a canting dipole allows the accommodation of two 2 m insertion 

devices to feed independent beamlines. Here, a 20 mrad (instead of 5 mrad) canting 

scheme was chosen in order to provide more lateral flexibility for the instruments 

downstream. Because of the specific geometry at the extension beamlines, the 

frontend part of the beamline is rather long, leaving the concrete shielding of the ring 

tunnel at about 50 m from the source. It was therefore decided to implement high-β 

electron optics here (βx = 20 m, βy = 3.2 m) for small beam divergence in order to 

limit the beam size at the optical components downstream the long beamlines. 

 

 

Fig. 2.2.1 
New DBA cell structure (high-β sections) with canting dipole to accommodate two 2m long 
insertion devices. Further downstream, beamlines P22 and P23 share the same optics hutch. 

 

All frontend components of the extension beamlines are based on the generic design 

developed for PETRA III. Especially the girder concept which proved to be very 

advantageous is also used here (Fig. 2.2.2). Because of the larger canting angle, the 

canted beamline separation is larger and girders only accommodate elements for a 

single beamline resulting in a simpler design and enhanced flexibility.  
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Fig. 2.2.2 
Generic frontend for PETRA III extension beamlines. The X-ray optical components 
in the beamline optics hutch are located at >50 m from the source. 

 

The different frontend elements and their arrangement on the girders are shown in 

Fig. 2.2.2. Note that the position of the first girder is >30 m from the source. In the 

upstream part of the frontend (<30 m) there is no space for separate beamline 

girders because of the proximity to the machine. There, components are partly 

mounted on machine support structures.   

 

Since August 2014, the re-installation of the storage ring and the beamline frontends 

is ongoing. All girders had been pre-assembled ex-situ in time (Fig. 2.2.3). 

 

The X-ray optics specific for beamline P22 starts in the optics hutch at >50 m from 

the source and it will be described in detail in the following sections. 

 
 

Fig. 2.2.3  
Frontend girders:    left:    detailed CAD view of girder 3   
                               right:  pre-assembled girder 1 for P22 
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The insertion device chosen for P22 is a 2 m spectroscopy undulator (U33), similar to 

the one at P09. The term “spectroscopy undulator” refers to a device which is tunable 

in the entire design energy range without inter-harmonic gaps i.e. strong intensity 

decreases. The U33 undulator parameters are summarized in table 2.2.1. 

 

Minimum magnetic gap  [mm] 9.5 

Period length λU  [mm] 32.8 

Length L  [m] 2.0 

Periods 60 

Peak field B0  [T] 0.883 

Deflection parameter Kmax  2.7 

1st Harmonic E1  [keV] 2.3 

Total power Ptot  [kW] 3.5 

On-axis power density [kW/mrad2] 73.5 

Power in 1x1mm2 at 50m  [W] 29 

High-β source size [µm2   , σ at 8 keV] 140 x 6  

High-β source div.  [µrad2 , σ at 8 keV] 9.4 x 6.5 

 

Table 2.2.1 

U33 undulator parameter 

 

The undulator design of the new beamlines is based on the 2 m devices developed 

for PETRA III with some improvements: 

 

 improved girder cross section for increased transversal stiffness 

 enhanced stiffness of support structure 

 revised drive system: 2 motors and 2 pairs of left- / right-handed spindles 

 improved girder roll angle adjustment 

 slim floor mount system  

 additional chamber touch sensors 

 

Especially the undulator vacuum chamber and the frame structure have been 

modified and improved (Fig. 2.2.4). The chamber has been designed for a minimum 

magnetic gap of 9.5 mm which is needed to reach the lowest energy of 2.4 keV using 

the Si(111) monochromator.  
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a) 

 

 b) 

c) d) 

 

 

 

 

 

 

 

Fig. 2.2.4 

(a) and (b):  undulator chamber design 

(c) undulator support structure for 2 m devices (improved PETRA III design) 

(d) production of undulator frames (first delivery August 2014) 

 

The undulator brilliance curve for a nominal ring current of 100 mA is shown in Fig. 

2.2.5. In the first harmonic it is exceeding 1020 s-1 mrad-1 mm-1 0.1%BW-1 in the 

energy range around 6 keV which is the standard HAXPES working range. 

 
Fig. 2.2.5 

Brilliance of spectroscopy undulator U33 
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In order to assess the undulator performance for HAXPES, the monochromatic flux 

within a bandwidth ΔE/E = 10-4 (roughly matching a Si(111) monochromator) was 

calculated at 60 m from the source behind a 2 x 2 mm2 aperture (Fig. 2.2.6). This 

approximately corresponds to the maximum beam cross section accepted by the 

downstream optical system. At 6 keV the calculated flux from the device is 4x1013 s-1. 

At P09 where an almost identical magnet structure is used, a monochromatic flux 

~2x1013 s-1 was measured on the sample in excellent agreement with the calculation, 

since it is estimated that about a factor of 2 is lost by combined mirror reflectivity and 

filter absorption. Note that the first harmonic covers the energy range up to 8 keV. 

 

 

Fig. 2.2.6 

U33 photon flux into ΔE/E = 10-4 (approx. corresponding to a Si(111) 

DCM) at 60 m from the source through a 2 x 2 mm2 pin hole. The 

crossover between 1st and 3rd harmonic is close to 8 keV. 
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2.3 Monochromators 

 
High-heat load primary monochromator 

 
The high-heatload double-crystal monochromator (HHL-DCM) for P22 is an improved 

version of the generic device developed for the present PETRA III beamlines. It is 

based on a central rotation axis and allows for a fixed-exit beam (Fig. 2.3.1). The 

Bragg axis is directly driven by an ex-vacuo servo motor controlled by a high 

resolution incremental encoder system. The drive is connected via a ferrofluidic 

rotary feedthrough which also guides the liquid nitrogen tubing for the crystal cooling. 

This rigid drive train provides excellent stability, reproducibility, and resolution of the 

Bragg angle setting.  

 

Different from the present PETRA III beamlines the undulator canting angle is 20 

mrad resulting in a beamline separation of 106 cm at the monochromator position 

53.2 m from the source. Therefore, the monochromator vessel does not interfere with 

the beampath of beamline P23 allowing for a conventional design of the chamber. 

 

 

 
 
 
 
 
 
 
 
 
 
 
Fig. 2.3.1 
Improved PETRA III LN2 high-
heatload double-crystal mono-
chromator (vacuum vessel removed):  
 
Granite support with Yaw axis and 
Lateral translation. Vessel backplate 
with Bragg axis and parallel 
translation for 2nd crystal. 

 
Two liquid nitrogen cooled crystal pairs can be accommodated and switching 

between crystals is achieved by translating the monochromator vacuum vessel 

relative to primary beam. At P22, pairs of Si(111) and Si(311) crystals will be used. 

The geometry allows Bragg angle settings from 2.1o to 55.5o corresponding to energy 

ranges 2.4 – 53 keV for Si (111) resp. 4.6 – 102 keV for Si (311). For HAXPES, 

however, the maximum photon energy will be around 12 keV which is given by the 

downstream X-ray optical system.  
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The Bragg axis is driven by a direct drive servo controlled by a DeltaTau UMAC 

controller.  All other motors are driven by stepper motors driven by ZMS stages 

corresponding to the generic PETRA III approach. The system provides a Tango 

server implemented on a rack PC for interaction with the beamline control software. 

 

The cryo-cooler is a FMB Series D++ device with 10 mbar pressure stability in the 

high-pressure circuit, operating pressure 1.5 – 6 bar and 2500 W maximum cooling 

power. The heat leak rate is below 100 W (corresponding to less than 50 l / day when 

idling). 

 

  
Fig. 2.3.2 
1st crystal set with roll stage 
(Si(111) / Si(311)) 

 
2nd crystal set with pitch and roll 
Si (111) / Si (311)  
 

 
The following improvements of the modified design are expected to result in 

increased stability, performance and reliability compared to the existing PETRA III 

monochromators: 

 

 Air side optical encoders for the Bragg axis 

 Absolute optical encoder for faster startup 

 Additional fast Bragg angle output for real-time steering of the undulator during 

energy scanning 

 Corrugated tubes for liquid nitrogen are smoothed inside with an inlay 

 Improved routing of the liquid nitrogen in-vacuo pipes to reduce vibrations 

 More stable bolted piezo actuators 

 Guide shafts to reduce mechanical torque due to airside cryo lines connected 

to the rotating Bragg axis 

 

First tests with running cryo-cooling at the factory have been performed showing that 

the vibration of the second crystal relative to the laboratory system as well as the 

vibration of the second crystal relative to the first crystal is ~100 nrad (rms) max. The 

delivery of the monochromator is scheduled for September 2014. 
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High energy resolution post-monochromator 

 
For HAXPES experiments, energy resolution is an important parameter. However, 

while the resolution of the electrostatic spectrometer can be easily adjusted by 

changing the pass energy, the X-ray bandpass is given by the intrinsic reflection 

properties of single-crystal monochromators, which depend on the wavelength for a 

given lattice plane. Since photoelectric cross sections in the hard X-ray regime 

rapidly decrease above ionization thresholds, it is essential to match die X-ray photon 

bandpass to the chosen analyzer resolution in order to maintain good signal rates.  

 

Most of the HAXPES experiments performed in recent years used a total energy 

resolution in the range from 100 to ~400 meV which proved to be very adequate for 

most core level spectroscopy. Only few studies were in a need of energy resolution 

below 100 meV. Therefore, the choice of monochromators for P22 HAXPES should 

cover this range of resolution within the entire spectral regime available as close as 

possible. However, X-ray bandpass below 100meV should be possible as well. 

 

For photon energies up to 7 keV the combination of two crystal sets, Si(111) and 

Si(311) in the HHL-DCM already is a very appropriate choice in view of the above 

mentioned requirements, except in the range 3.5 – 4.5 keV (see Fig. X.1). It is 

mentioned here, that the experience at beamline P09 shows that the performance of 

the cryo-cooled Si(333) crystals is not degrading in the direct undulator beam. For 

higher resolution and for more flexibility of choice, a high-resolution post-

monochromator (HRM) is planned for P22.   

 

 Fig. 2.3.3 
Energy band width of the different monochromator crystal configurations. The primary 
monochromator has two-crystal sets, Si(111) and Si(311) in (+-) configuration. The 
post-monochromator uses a double channel-cut with (+ - - +) configuration (zero offset). 
The energy band width was calculated assuming a beam divergence of 20µrad (FWHM) 
in the dispersive plane (vertical). 
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In order not to compromise the degree of circular polarization generated by the 

diamond phase retarder (discussed further below), the latter has to be located 

downstream of the HRM. It is planned at P22 to place both the HRM and the phase 

retarder between the HHL-DCM and the primary X-ray mirrors. This makes the 

geometric settings of both HRM and phase retarder independent of the mirror 

configurations. However, in order to avoid re-alignment of the downstream optical 

system, including mirrors, for different crystal settings, a 4-bounce zero-offset 

arrangement is chosen for the HRM. A 4-crystal (+ - - +) is a dispersive setup which 

delivers X-rays with a very narrow energy bandwidth, largely (but not completely) 

independent of the angular width of the primary beam. A similar approach has been 

taken for the Galaxies beamline at Soleil [1] where high resolution is required for 

HAXPES and RIXS across the entire energy range and therefore also asymmetric 

crystals reflections are used. For the P22 HRM it is preferred to only use symmetric 

reflections, which do not alter effective source distances in order not to compromise 

the performance of the focusing optics.  

 

 

 

The energy band width of the different monochromator crystal configurations is 

shown in Fig. 2.3.3, both for the double-crystal (+ -) HHL monochromator and 

suitable crystal sets for the 4-bounce (+ - - +) setup of the post-monochromator. The 

energy band width was calculated using dynamical theory of X-ray diffraction 

 Fig. 2.3.4 
Comparison of the monochromator transmission at 5945 eV (nominal energy) for 
different crystals. The inset shows the double-crystal reflection assuming a beam 
divergence of 20µrad (FWHM). The expected throughput scales with the area under 
the curves. 
 
At P09, intensity data were measured during the alignment of the Si(333) channel-
cut post-monochromator (intensity vs. time) yielding a factor of 20.1 for the intensity 
ratio of Si(111) vs. Si(333). The calculated factor from dynamical theory is 19.4, in 
excellent agreement with experiment. 
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assuming a beam divergence of 20µrad (FWHM) in the dispersive plane (vertical). It 

is interesting to note that both the Si(111) and Si(311) crystals in the dispersive 4-

bounce configuration offer considerably reduced band paths compared to the DCM. 

For energies above 3.5 keV the 4-bounce Si(220) is a particularly interesting option 

because it gives energy band paths from 100 – 350 meV up to 10 keV. For higher 

resolution below 100meV it would be necessary to use Si(333) resp. Si(331) 

reflections. 

 

As mentioned above, for optimum signal rates it is advantageous to match the photon 

energy band path to the spectrometer resolution, if possible. A too narrow photon 

energy bandpath may considerably reduce the count rate with almost no benefit. In 

order to get a quantitative estimate of the effective monochromator transmission, 

dynamical theory has been used to calculate the attenuation of the different 

monochromators relative to Si(111) for a realistic scenario assuming a primary beam 

divergence of 20 µrad (FWHM). This approach e.g. yields an attenuation factor of 19.4 

(relative to Si(111)) for a Si(333) channel-cut near backscattering condition at 5945 

eV, which is one of the configurations used at beamline P09. Experimentally, an 

attenuation factor of 20.1 is measured in excellent agreement with theory.    

 

 

Fig. 2.3.5 
Calculated intensity attenuation factor -- relative to Si(111) -- for the 
different monochromator crystal configurations. Beam divergence was 
assumed to be 20µrad (FWHM). 

 
 

Calculated attenuation factors for all crystal arrangements considered here are 

summarized in Fig. 2.3.5. Obviously, Si(111) and Si(220) 4-bounce as well as Si(311) 

DCM are very attractive in terms of minimum attenuation which is well below a factor 

of 10 in the entire energy range. Si(311) 4-bounce and Si(333) DCM (not shown in 

Fig. 2.3.1) yield better resolution below 200meV resp. 100meV but with considerable 
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beam attenuation. Apparently, the Si(333) 4-bounce monochromator dramatically 

reduces the intensity and should only be used when absolutely necessary. 

 

For the realization of the HRM it is preferred to use a double channel-cut 

arrangement (Fig. 2.3.6) which is straightforward to implement. Note that the HRM 

only takes the monochromatic beam of the HHL-monochromator and heatload is not 

an issue. We also do not expect difficulties in polishing the reflecting surfaces in the 

channel-cut design. Recent experience at PETRA III shows that very high quality 

channel-cut crystals can be produced exhibiting an excellent performance in a cryo-

cooled primary monochromator [2], even for coherent imaging applications. As a 

compromise between angular range and crystal dimensions the smallest angle of 

incidence is limited to 14o and the highest angle of incidence is limited to 78o. This 

can be realized using a crystal with 14mm channel width and 70mm total length (Fig. 

2.3.6). 

  

 

  

Fig. 2.3.6 
Sketch of the channel-cut crystal (left). Choosing a channel width of 14mm allows 
to cover an angular range from 14o to 78o for the full beam height of ~2mm (right). 
The corresponding beam offsets are 5.4mm (78o) and 25.2mm (14o). 

 
 

 

The channel-cut crystals will be mounted on a solid piezo-driven weak-link micro-

goniometer a precise fine adjustment of the angular setting. The goniometer is based 

on a well-proven ESRF design. The coarse angular setting is done by a conventional 

stepper motor driven goniometer. The stages can be translated horizontally 

perpendicular to the beam allowing accommodation of 3 different crystal pairs, also a 

precision z-stages allows adjusting the rotations axis relative to the beam. Both 

stages will be mounted in a uhv vacuum vessel together with the phase retarder unit 

(Fig. 2.3.7). Suitable X-ray beam monitors will be available for crystal alignment. The 

X-ray optical components reside on a common base plate with is mounted on a 

massive granite support and vibrationally isolated from the vacuum vessel.  
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Fig. 2.3.7 
Sketch of the combined post-monochromator and phase retarder component. 
The three stages will be accommodated in a common vacuum vessel (left). The 
channel-cut HRM crystals will be mounted on a piezo-controlled weak-link micro-
goniometer (right). 
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2.4 Phase retarder 
 
Unlike in the soft X-ray regime, in HAXPES photoelectron cross sections for s- and p- 

states are comparable with those for d- and f- states. Variable polarization can be 

used to separate orbital contributions in the valence band density of states. The 

contribution of s- and p- states to the photoelectron spectrum can be strongly 

suppressed or enhanced by varying the linear X-ray polarization vector. Variable 

polarization also allows studying magnetic properties of (buried) layers in an element 

specific way. The linear and circular magnetic dichroism of core level photoemission 

provides information on the relative orientation of the (buried) layer magnetization 

with respect to the polarization of the probing X-ray beam. 

 

  
Fig. 2.4.1 
Principle arrangement of an X-ray single-
crystal phase plate in Laue (transmission) 
geometry. 
 

From [1] 

 
Phase shift δ (red line) produced by an X-
ray phase plate as a function of the offset 
angle ΔΘ. The phase plate is a diamond 
(111) crystal of 0.67 mm thickness, used 
in the 220 Laue transmission case at 
8.388 keV. Calculated (black line) and 
measured (blue dots) values of degree of 
circular polarization PC are shown. 

 
In the hard X-ray regime, the polarization can be conveniently modified utilizing the 

phase shift produced by a phase plate in the vicinity of a Laue- respectively Bragg 

reflection (Fig. 2.4.1). A single half-wave plate (1/2WP) and quarter-wave plate 

(1/4WP) is necessary to generate linearly resp. circularly polarized X-rays. Two 

1/8WPs may be used to generate circularly polarized X-rays rather than a single 

1/4WP. Likewise, two 1/4WPs may be used to generate linearly polarized X-rays at 

arbitrary angles around the X-ray beam.  

 

For experiments requiring alternating left and right circularly polarized light, using two 

1/8WPs has the advantage that the effective crystal thickness is the same and 

therefore the transmitted intensity is unchanged for left and right circularly 

polarization. However, the intensity change is small and for HAXPES experiments 

can easily be normalized by measuring a reference signal from some non-magnetic 

material. It was therefore decided to use a single-stage diamond phase retarder at 

P22 in order to minimize intensity transmission losses.  
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The phase-retarder stage consists of a goniometer acting as a θ-circle (positioning 

accuracy 0.18") with its rotation axis at 45o relative to the incoming beam polarization. 

It is equipped with a ±10 mm Z-translation along the axis in order to accommodate 3 

different phase-retarding plates on a common holder. The stage is mounted on 

independent Z and X stages allowing accurate alignment of the center of rotation 

relative to the X-ray beam (Fig. 2.4.2).  

 

 Fig. 2.4.2 
Schematic of the in-vacuum phase retarder stage. 
Different crystals can be mounted on the goniometer axis 
and brought into the beam. 

 
Three synthetic type Ib diamond phase plates will be mounted on a common holder: 

two plates with 100 µm and 200 µm thickness, both with the [111] direction along the 

surface normal and a third plate of 400 µm thickness with the [100] direction along 

the surface normal. Each plate will be oriented such that the (111) and (-1-11) 

reflections can be set in diffraction condition which allows an extension of the usable 

energy range of each plate owing to the different glancing angles relative to the (111) 

planes. In Fig. 2.4.3 the deviation angles from the Bragg position necessary to 

achieve the 1/4WP condition are shown for the 400 µm (100) plate. Two glancing 

angles on the plates are considered to set the (1,1,1) and (-1,-1,1) in diffraction: θA= 

(54.73-θ111) and θB=(54.73+ θ 111). 

 

 

 
 
 
 
 
 
Fig. 2.4.3 
Measured angular offsets ∆θ 
1/4WP (circles; left axis) and 
calculated transmission 
(dashed lines; right axis) for the 
400 µm (001) plate for the two 
glancing angles θB (B, black) 
and θA (A, light gray) vs. 
Energy [2]. 
 

 

22



 
 
Depending on which plate is used and which reflection is chosen, the plates are 

either oriented in asymmetric transmission Laue or symmetric transmission Bragg 

geometry as shown in Fig. 2.4.4. It is noted that these are different cases within the 

dynamical theory of X-ray diffraction and different results might be expected with 

respect to the amount of circular polarization in 1/4WP condition [3]. The planned set 

of diamond phase plates allows manipulation of the polarization of the incident X-rays 

in an energy range from 3.2 to 8 keV with transmission above 20%. 

 
 

 

 

Fig. 2.4.4 
Phase plates used in different Bragg (blue) and/or Laue (green) geometries [4]. 
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2.5 Attenuator 

 
Although the highest possible photon flux is usually requested for experiments, there 

are a number of occasions when it is necessary or advantageous to attenuate the X-

ray beam in a controlled manner:  

 Strong core level photoemission signals may e.g. result in counting rates far 

exceeding 106 cps which may severely damage the microchannel plates of the 

DLD on saturation.  

 Experiments at very low temperatures may suffer from X-ray beam heating 

due to the high photon flux. Note that the undulator delivers 2 x 1013 photons/s 

at 8 keV within the Si(111) bandpath corresponding to a power of 26mW.  

 Poorly conducting samples may exhibit (differential) charging resulting in 

spurious time-dependent peak shifts. 

 Correlated oxides and organic materials are known to potentially suffer from 

beam damage effects 

 

The possibility to reduce the X-ray intensity by some accurately known factor 

therefore is an important feature. It is noted that defocusing and/or undulator 

detuning is not an option since it changes the beam footprint on the sample. For P22, 

it is planned to use sets of thin, high-purity and homogeneous metal filters placed in 

the beam path which does not affect the beam profile. 

 

At PETRA III beamline P08 a flexible attenuator unit was developed and successfully 

used for diffraction experiments (also at other beamlines) for many years. This device 

is now licensed and being offered by ADC Inc.. It consists of 12 foil carriers, 21 mm x 

21 mm square aperture (effectively 20 mm x 15 mm). Foils can easily be exchanged 

if necessary.  

 

 

 
 
 
 
 
 
 
 
 
 
 
Fig. 2.5.1 
Cutaway view of the UHV compatible  
attenuator showing filter frames and 
pneumatic cylinders  
(Model ABS-300, ADC USA, Inc., 
www.adc9001.com) 
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The device is UHV-compatible (<1e-8 mbar) and the filters are moved by air-side 

pneumatic actuators magnetically coupled to the in-vacuum filter frames, i.e. no 

vacuum feed-throughs are used. The actual position of the frames is reliably detected 

and the combination of filters can be conveniently chosen by the experiment control 

software through a TCP/IP controller interface. Because the beam cross section is 

rather small and the metal foils are likely not 100% homogeneous, it is important that 

the absorbers are mechanically stable so that the illuminated spot remains 

unchanged. 

 

When specifying the filters, it is advantageous to arrange their thicknesses in such a 

way that each foil absorbs about twice as much as the preceding thinner one, in a 

binary fashion. Then, by well-chosen combinations any absorption factor can be 

approximated in a wide photon energy range from 3 to 11 keV. For P22, the choice of 

filter materials and thicknesses is given in the table below. 

 

Slot 
Desired thickness 

(μm) 
Practical combination 

of standard foils 

 Al Ti Cu  

1    3   Al3 

2    6   Al6  

3  12   2 x Al6 

4  24   Al25 

5  48   Al50 

6  96   Al100 

7 192   2 x Al100 

8 384   Al250   + Al100 + Al50 

9 768   Al500   + Al250 + Al50 

10 1536   Al1000 + Al500 + Al100 

11  50  Ti50 

12   200 Cu200 

 
Table 2.5.1 
Absorber configuration for an energy range 3-11 keV. At 3keV, the attenuation factor ranges 
from 1.8 to 10291, at 6keV from 1.01 to 1042, at 10keV up to 109 
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2.6 Mirror optics 
 
The first experimental hutch (EH1) is planned to host two end-stations lined up along 

the beam with HAXPES being the first instrument followed by a HAXPEEM setup. 

The focusing mirror optics therefore has to provide optimum focus conditions at both 

instrument locations. The schematic arrangement of the instruments and the mirrors 

is shown in Fig. 2.6.1. The distance between instruments is about 3.25 m with the 

first instrument at 81.12 m from the source.  

  

 
 
Fig. 2.6.1 Schematic arrangement of the mirror optics  

 

The primary objective of the mirror optics design is to attain the best possible 

focusing at both end stations with some possibility of a tunable spot size, as required 

by the user community. The source size at P22 is 313 µm (horizontal FWHM) x 11.8 

µm (vertical FWHM). As the X-ray beam is highly coherent in the vertical direction, 

interferences occur due to reflections from mirror waviness/slope errors if the 

reflection plane is vertical, leading to unwanted spatial structure in the beam. Also, 

vertically reflecting mirrors are potentially sensitive to vibrational noise coupled in 

through the floor or the vacuum system. In order to avoid any such effects it is 

planned to use mirror optics in vertical geometry so that the reflection plane is 

horizontal.  

 
In order to obtain smallest possible focus at the two end-stations with the vertical 

geometry of mirrors, we have the following guiding principle: 

 

 Mirrors should cover an energy range from 2.4 – 12 keV (or higher) 

 

 A cylindrical mirror will be used for vertical focusing. 

 

 A fixed radius vertical focusing mirror (M1) shall be used for focusing at both 

instruments. Focal spot variation will be accomplished by tuning the angle of 
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incidence: 0.17 (2.89 mrad) and 0.15 (2.60 mrad) will be used for HAXPES 

and HAXPEEM respectively. Additionally, a flat surface on the same mirror 

shall be available to provide an unfocused beam. 

 

 For horizontal focusing, a combination of a plane mirror (M2) compensating 

the reflection angle of (M1) and a plane-elliptical focusing mirror (M3) are 

planned. Mirrors (M1) and (M2) will be located in the optics hutch behind the 

post-monochromator/phase retarder unit (described later) and mirror (M3) will 

be placed close to the first instrument in experiment hutch EH1.  

 

 The horizontal focusing mirror M3 will be placed in the experimental hutch. 

The plane-elliptical mirror is expected to have small aberration compared to 

spherical/cylindrical mirrors. 

 

 Each set of mirrors will have two kinds of coatings for low energy and high 

energy operations. For the energy range from 2.4 keV to 10 keV either plain Si 

or B4C coating seem very attractive while for energies above 10 keV a Pd 

coating is planned which gives good reflectivity at least up to 15 keV. The 

choice of coating is based on high reflectivity >90% in the region of operation 

(Fig. 2.6.2). The overall gain of using B4C instead of Si is 20% at 6 keV for 3 

reflections. 

 
 

 
 
Fig. 2.6.2  
Reflectivity curves for Si, B4C and Pd coated mirrors at the two 
glancing angles considered here. 
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Ray Tracing 

 
Based on these guiding principles, ray tracing have been carried out using the 

Shadow code [1,2]. The calculations have been performed at 3 keV photon energy to 

optimize the mirror optics because the source divergence is higher at lower energy 

(Fig. 2.6.3) and therefore determines the geometrical mirror beam acceptance.  

 

 
 
Fig. 2.6.3   
Beam divergence at the source 

 

 

Endstation 1: HAXPES 

Figure 2.6.4 and table 2.6.1 summarize the position and dimensions of the primary 

mirror M1, the horizontal focusing mirror M3 and the focus point for the HAXPES 

endstation. 

 

 
 
Fig. 2.6.4  
Schematic of mirror optics for HAXPES 
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Table 2.6.1 
Parameters of mirrors M1 and M3 for focusing at the HAXPES instrument 

 

For the above specifications a focused beam spot size of 7.9 µm (horizontal FWHM) 

x 7.4 µm (vertical FWHM) is expected for ideal mirrors. The estimated spot size for 

an affordable quality mirror (roughness ~0.3 nm, slope error 0.5 µrad) is 13.9 µm 

(horizontal FWHM) x 13.4 µm (vertical FWHM). The geometric transmission loss due 

to the finite size of the mirror is estimated 10%. 

The beam spot size can be detuned horizontally using a bender. For changing the 

vertical spot size, the angle of incidence at the primary vertical focusing mirror (M1) 

will be varied. For example changing the angle by ±0.005 leads to a 6.5 times larger 

vertical spot size. To get a broad beam with no focusing, the flat mirror can be used. 

Figure 2.6.5 shows ray tracing results for the spot size at the HAXPES endstation. 

 

 
 
Fig. 2.6.5   
Beam spot size at HAXPES endstation (top = horizontal, right = vertical) 
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Endstation 2: HAXPEEM 

Figure 2.6.6 and table 2.6.2 summarize the position and dimensions of the primary 
mirror M1 (vertical focusing), the horizontal focusing mirror M3 and the focus point at 
the HAXPEEM instrument. 
 

 
 
Fig. 2.6.6 
Schematic mirror optics for the HAXPEEM instrument 

 

 

 

Table 2.6.2 
Parameters of mirrors M1 and M3 for focusing at the HAXPEEM instrument 

 

For the above specifications a focused beam spots of size is 21.9 µm (horizontal 

FWHM) x 8.2 µm (vertical FWHM) is expected for ideal mirrors. The estimated spot 

size for a standard quality mirror is 27.9 µm (horizontal FWHM) x 16.2 µm (vertical 

FWHM). The geometric transmission loss due to the finite size of the mirror is 

expected to be 14%. The spot size can be detuned horizontally using the bender 

while the vertical spot size can be detuned by changing the angle of incidence at the 

primary vertical focusing mirror (M1). Figure 2.6.7 shows ray tracing results for the 

spot size at the HAXPEEM endstation. 
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Fig. 2.6.7 
Beam spot size at the HAXPEEM endstation (top = horizontal, right = vertical) 

 

Harmonic rejection 

 
As the highest kinetic energy of the electron analyzer is limited to 10.5 keV, the 

maximum photon energy used for excitation may be expected ~12 keV. This means 

that the working range for the photon energy will be between 2.4 keV and ~12 keV. 

At low photon energies higher harmonic contributions from the 

undulator/monochromator have to be considered which may result in spurious and 

unwanted spectral contribution especially for high-Z materials. At energies below 10 

keV the Si or B4C coated mirror will be used. In order to reduce 3rd harmonic 

contamination in the beam (in case the Si(111) HHL monochromator is used) for 

energies below ~3 keV, the glancing angle of the horizontally focusing mirror (M3) 

may be increased to ~0.3, which considerably lowers the cut-off energy (Fig. 2.6.8) 

and therefore reduces the 3rd harmonic content. At 3 keV, the 3rd harmonic at 9 keV 

is reduced by a factor of 41 (Si) resp. 57 (B4C), for the lowest energy available, 2.4 

keV, the reduction still is a factor of 10 (Si) resp. 15 (B4C). 

 

 
Fig. 2.6.8   
Reflectivity of a Si mirror resp. with B4C coating at 0.3o glancing 
angle. 
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Using only the last mirror for harmonic rejection leads to a beam displacement of 15 

mm (for the maximum angle 0.3) at the HAXPES station, which can easily be 

compensated by transverse translation of the chamber. 

  

Radii of curvature of the horizontal focusing mirror 
 
As described above, a plane elliptical mirror with a bending mechanism will be used 

for horizontal focusing. The radii required for optimum focusing have to be accurately 

tuned by the bender. The radii of curvature at the center of mirror are 1.34 km for 

focusing conditions at the HAXPES instrument for normal operation (2.9 mrad / 0.17o 

angle of incidence) and 425 m for higher harmonics rejection at lower energies (9.08 

mrad / 0.52o grazing angle of incidence). The radius of curvature at the mirror center 

is 3.782 km for focusing at the HAXPEEM instrument. 

 

Fig. 2.6.9 shows the required radii of curvature across the length of the plane-

elliptical mirror for the different focusing conditions. 

 

 
 
Fig. 2.6.9   
Calculated radii of curvature of the plane-elliptical mirror (M3) 

 

References 
 

[1]  F. Cerrina and M. Sanchez del Rio,  "Ray Tracing of X-Ray Optical Systems"   

      Ch. 35 in Handbook of Optics (volume  V, 3rd edition), ed. M. Bass 

      Mc Graw Hill, New York, 2009. 

[2]  M. Sanchez del Rio, N. Canestrari, F. Jiang and F. Cerrina, 

      J. Synchrotron Rad. 18, 708-716 (2011) 

32



3. HAXPES Instrument 
 
As mentioned earlier, the HAXPES station currently installed in the last experiment 

hutch downstream at beamline P09 (Fig. 3.1) will be relocated to beamline P22, with 

some modification in detail. The setup consists of a UHV analysis chamber with 

separate sample preparation and introduction stages, a high-energy electron 

analyzer, precision sample manipulator and other supporting instrumentation. The 

electron spectrometer is a SPECS Phoibos 225 HV hemispherical analyzer equipped 

with a 2D delayline detector. It is an improved version of the initial Phoibos 225HV 

spectrometer which was in use at ESRF beamline ID32 and also at PETRA III P09 

until summer 2013 

(instrument belonging to 

university of Mainz, AG 

Felser). The new analyzer 

can be equipped with a 

newly developed ±30o wide-

angle lens for high-

transmission and/or simul-

taneous angle-resolving 

exp-eriments. The lens is 

optional and can be 

exchanged with the normal 

lens system in the field by 

the beamline staff with 

moderate effort.  

 

 

The instrument is mounted on a motorized 

high-precision XZ-platform (Fig. 3.2) 

consisting of a monolithic granite support 

which is adjustable in height (Z-axis) and can 

be translated transversely (X-axis) relative to 

the X-ray beam with very high precision. The 

vertical travel range is 50 mm with a 

resolution of 1 μm and reproducibility better 

than 2 μm.  

The entire set-up can be lifted using 

integrated airpads and – once detached from 

the photon beam without breaking the 

chamber vacuum – can be relocated in the 

experimental hutch. This allows e.g. for a 

change of the experimental geometry when needed. The light incidence angle 

relative to the analyzer axis can be chosen as 45o or 90o (determined by the 

respective beamports on the UHV chamber). Combined with the sample rotation 

around two perpendicular axes, a range of different geometries can be realized. Also, 

 
Fig. 3.1  
Present HAXPES endstation in operation at beamline P09  
(on a different support table) 

 

Fig. 3.2  
Adjustable granite table for the HAXPES 
instrument (currently installed at P09) 
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using the sample rotation, normal emission 

electron spectra can be measured for nearly 

grazing photon incidence (≈1o) which is 

known to result in a much higher 

photoelectron yield from a solid surface 

provided the X-ray beam is well collimated. 

 
In the experiment hutch EH1 of beamline 

P22, the lateral space around the beam 

towards the neighboring beamline P23 is 

rather limited because the P23 beam “flight 

tube” passes through the P22 hutch. 

Therefore, the analysis chamber and the 

arrangement of components of the sample 

preparation and introduction stages (e.g. 

transfer rod lengths and orientation, etc) have 

to be modified (planned layout is shown in 

Fig. 3.3) to accommodate the system in EH1 of P22. Otherwise, the main 

components will be the same as at P09 today. 

 

 In the P09 HAXPES setup (Fig. 3.1) the analysis chamber has a base pressure 

~1x10−9 mbar. It is equipped with a custom-made fully motorized high-precision 

Omicron 5-axis manipulator with 3 translational and 2 rotational degrees of freedom 

(Fig 3.3). Liquid helium sample cooling and heating up to 150oC are available. The 

customized manipulator head (fitting 

the sample holder design by University 

Kiel & DESY) allows up to four 

electrical connections between one or 

more samples and electrical equipment 

outside the chamber (Fig. 3.4). Four-

probe measurements and electrical 

manipulation can thus be carried out on 

samples in situ.  

 A variety of wedge-shaped sample 

holders were designed to meet the 

different user’s requirements (Fig. 3.5). 

The flexibility of sample mounting in 

combination with the option of electrical 

contacting is crucial for a number of 

state-of-the-art experiments on device 

related research where interface 

properties of prototype structures under 

“in operando” conditions are studied 

(Fig. 3.6). 

 

 
Fig. 3.3 
Modified configuration of the HAXPES 
endstation planned for use at P22 

  Fig. 3.4 
Left:   Omicron 5-axis manipulator with  
           integrated LHe-cooling 
Right: Manipulator head with adapter for  
          wedge-shaped sample holders with  
          4 spring loaded contacts 
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Fig. 3.5  
Sample holder configurations:  
(a) standard (the surface lies 
     in the rotational axis  
     of the manipulator) 
(b) with contacts and  
     insulating ceramic plate 
(c) for sample flashing 
(d) with “Omicron” adapter 
(e) multiple samples 
(f)  pole for XPD studies  

 
 

 
 
Fig. 3.6 
„In-operando“ HAXPES set-up at P09 for in-situ studies of single RRAM devices in 
various resistance states, manipulated by electrical pulses from an external 
semiconductor analyzer.  
(courtesy: Th. Schröder, IHP Microelectronics, Materials Research Dept., Frankfurt/O). 

 
 
 

 

 

In the following, the electron analyzer, delayline detector, spin detector as well as 

supplementary instrumentation for the planned HAXPES setup will be presented in 

detail. 
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3.1 Electron analyzer 
 

The improved analyzer was developed by SPECS in coordination with DESY and 

University of Würzburg (AG Claessen) in the scope of a BMBF funded project. Based 

on the experience of HAXPES experiments at PEXTRA III so far, it was decided to 

limit the maximum kinetic energy to 10.5 keV (instead of 15 keV for the first 

instrument) because no experiment so far was in any need for energies larger than 

10 keV. Limiting the maximum energy to 10.5 keV on the other hand has advantages 

with respect to voltage stability because higher precision and faster voltage supplies 

can be used. Also, the new analyzer can be optionally equipped with a newly 

developed ±30o wide-angle lens for high-transmission and/or simultaneous angle-

resolving experiments (Fig. 3.1.1). The lens can be exchanged with the normal lens 

system in the field by the beamline staff with moderate effort. 

 

 

Fig. 3.1.1  
New Phoibos 225-HV analyzer with mounted wide-angle pre-lens system  
(first commissioning at P09 in May 2013) 

 

The main parameters of the new SPECS electron spectrometer are summarized in 

Table 3.1.1. 

 
Mean radius 225 mm 

Weight 250 kg 

Shielding Double µ-metal 

Slits 8 entrance /  3 exit 

Lenses 
Normal (NL) & wide-angle (WAL), field interchangeable 

WAL adds 540 m to the total instrument length 

Working distance 54 mm (NL)  / 34 mm (WAL) 

Acceptance angle      ±9o (NL)  / ±30o     (WAL) 

Kinetic energies 0 - 10500 eV 

Voltage ramping 

times  

0.06 s for    0.7 V ±1 ppm 
0.4   s for     70 V ±2 ppm 
0.8   s for     70 V ±1 ppm 
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2.2   s for   700 V ±2 ppm 
4.0   s for   700 V ±1 ppm 
20    s for 7000 V ±2 ppm 
30    s for 7000 V ±1 ppm 

 
Table 3.1.1  
Parameters of the improved SPECS Phoibos 225HV  

 

 

Lens Mode 

 

The transmission modes of the transfer lens (see Table 3.1.2) are optimized for high 

transmission at the expense of angular information. Slight under-focusing displaces 

the disk of least confusion to the analyzer entrance plane. Thereby a higher angular 

acceptance is achieved. This makes these modes most suitable for lateral resolved 

studies where the acceptance area is limited by the X-ray spot size. In most studies, 

it is preferred here to use a “Small Area” Mode which is specially designed for the 

largest acceptance angle from a “point source” (Fig. 3.1.2 and Table. 3.1.3) which 

best meets the characteristics of the undulator beam focus.  

 
In general, the energy resolution 

ΔEA of an analyzer with mean 

radius R0 depends on the 

entrance and exit slit widths s1 

and s2, the angular spread α of 

the beam and the pass energy EP 

    (
     
   

 
  

 
)     

The transmission of the transfer 

lens decreases proportionally to 

the retardation factor EK/EP. 

 

 
 

Mode Acceptance 
angle 

Magnification Energy range Typ. source 
spot size 

Large     area up to ± 6° 1 Ep x [1 – 1000] 5 x 5 mm2 

Medium area up to ± 8° 4 Ep x [1 – 500] 2 x 2 mm2 

Small     area up to ± 15° 13 Ep x [1 – 300] 0.1 x 0.1 mm2 

Table 3.1.2 
Transmission modes for different spot sizes 

 
Slit  7 mm 3 mm 1 mm 0.5 mm 0.2 mm 0.1 mm 

a  0.139  0.0390 0.0102 0.00613 0.00265  0.00155 

b -0.245 -0.0315 0.0995 0.0835 0.00265 -0.0126 
 

 
Fig. 3.1.2 
Calculated transmission of the transfer lens versus 
retardation ratio. 
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Pass 
energy 

 

Slit size 
 

Transmission 
(deg

2
mm

2
eV) 

Resolution (meV) 

        7 mm 3 mm 1 mm 0.5 mm 0.2 mm 0.1 mm 

200 eV 12.057 
1704 

6.992 
776 

2.819 
338 

1.597 
251 

0.609 
157 

0.292 
114 

150 eV 8.495 
1332 

4.777 
591 

1.885 
275 

1.073 
211 

0.415 
122 

0.202 
86 

100 eV 4.946 
486 

4.307 
322 

2.088 
166 

1.195 
125 

0.428 
77 

0.190 
43 

75 eV 3.177 
420 

2.687 
234 

1.610 
119 

0.884 
81 

0.316 
54 

0.133 
31 

50 eV 2.415 
468 

1.301 
203 

0.507 
98 

0.271 
77 

0.102 
46 

0.0458 
32 

30 eV 1.366 
260 

0.777 
124 

0.301 
68 

0.160 
54 

0.0581 
27 

0.0276 
21 

20 eV 0.791 
173 

0.445 
89 

0.1690 
54 

0.0877 
43 

0.0303 
22 

0.0144 
18 

1 0  eV 0.333 
97 

0.177 
53 

0.0640 
37 

0.0324 
31 

0.0116 
18 

0.00510 
17 

7.5 eV 0.251 
61 

0.164 
45 

0.0570 
34 

0.0283 
27 

0.00920 
17 

0.00382 
16 

5 eV 0.125 
43 

0.0877 
27 

0.0328 
21 

0.0168 
20 

0.00564 
16 

0.00226 
15 

 
Table 3.1.3  
Calculated energy resolution and transmission for the Small Area lens 
mode at 6000eV kinetic energy and 0.1 x 0.1 mm2 excitation spot. 
Combinations of pass energy and slit widths typically used for “standard 
experiments” at beamline P09 (spot size h x v ~ 0.15 x 0.1 mm2) are 
shaded orange. Values suitable for the smaller spot sizes at P22 are 
shaded green. 
 

 
Currently at P09, an entrance slit width of 3 mm is used in small area mode which 

roughly matches the vertical spot size of ~100 µm (lens magnification is 13). At P22 

the vertical spot size is expected to be <50 µm and an entrance slit of 1 mm can be 

used without cutting the beam fringes (or smaller if higher resolution is needed). It 

may therefore be expected to improve the transmission for a given resolution 

(depending on pass energy). 

 

The energy resolution of the instrument was demonstrated by HAXPES 

measurements at ~8 keV on a natively oxidized Si(100) wafer at room temperature. 

The spin orbit splitting of the Si 2p states (ΔE   0.6 eV) is clearly resolved (Fig. 

3.1.3). The overall instrumental energy resolution (photons+electrons) was 

determined by measuring the Fermi edge of a He cooled gold sample using the 3 mm 

slit and a pass energy of 10 eV (using analyser snapshot mode; not shown here). 

The achieved resolution is 85 meV (FWHM). It is noted that most HAXPES 

experiments chose an energy resolution from 100 – 400 meV which is adequate for 

most core level studies and yields very good counting rates. 
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Fig. 3.1.3 
HAXPES spectra recorded from the Si 2p core level of a natively oxidized 
silicon wafer and the valence band of a gold sample. Both spectra were taken 
at room temperature, excitation at 7926 eV using a Si(444) channel-cut post-
monochromator (bandpass ~40 meV). 

 

Angular acceptance and resolution 

 

The angular acceptance and resolution of the lens was measured using a slit array 

placed 1 mm in front of the spectrometer (0.1 mm slits with 1 mm spacing). A 5 keV 

electron beam was used to illuminate a flat W sample. The Iris aperture was used to 

block electrons at large angles which would compromise the image quality at the 

edges. The Iris was closed until the borders of the angular resolved image were 

defined by the diameter of the Iris (11 mm). Elastically scattered electrons passing 

the aperture slits were imaged with low angular dispersion lens mode at Ep = 150 eV. 

  

 

 

Fig. 3.1.4 
Image of a slit array using the low angular dispersion lens mode at 5 keV kinetic 
energy without (left) and with (right) wide-angle lens. 

The slit array image is shown in Fig. 3.1.4 (left). Considering a sample to slit-array 

distance of 53 mm, the slit-array period corresponds to 1.2o electron emission angle. 

The detector image shows 7 stripes, i.e the angular acceptance is about ±4o. An 

angular resolution of 0.32 o was determined on the basis of the Rayleigh criterion. 

The stripes show a FWHM of 0.4o due to the angular dispersion of the lens and the 

slit width of 0.1 mm corresponding to 0.12o. At the time of this report, the wide-angle 
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lens is still under commissioning. Its ±30o angular acceptance, however, was 

confirmed at 5 keV using a similar slit-array (Fig. 3.1.4 right).   

 
 

First results using the wide angle lens 
 

The design of the wide-angle deceleration lens uses an entrance mesh with high 

transparency and an optimized electrode design. The mesh is shaped to produce an 

image of the sample region that is projected at the aperture with negligible spherical 

aberration. The mesh lens collects electrons emitted from the sample over a cone of 

up to ±30° and trajectories within this angular range starting from different positions 

on the sample but with the same angle are focused at the same location in the 

analyzer plane. The lens can be operated in different modes for angular studies and 

high transmission. All lens modes are set electronically. The standard working 

distance of 34 mm and the ±40° conical shape of the lens front end provide good 

access to the sample for the different excitation sources mounted to the chamber. 

 

The lens in its current state provides an intensity gain factor of 2.2 (Fig. 3.1.5) with 

respect to the standard lens (for the same energy resolution). End of 2014, the mesh 

will be replaced by a new one with higher transmission and it is expected that the 

intensity gain factor will then be close to 3.  
 
 
 

 

 
Fig. 3.1.5  
Present intensity gain due to the WAL relative to the standard lens for 
a given energy resolution. 
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High-voltage power Supplies 

 

The new HSA10500 plus high-voltage power supply allows independent setting of all 

voltages via high-precision 20-bit digital-to-analog converters. Lens voltages are 

generated by separate high-voltage modules. The HSA10500 plus power supply in 

principle provides a bipolar voltage range of ±3500V yielding a wide kinetic energy 

range relative to the base voltage. 

For high energy resolution 

applications the unit can be 

operated in a 400V bipolar or 100V 

unipolar range with very high 

linearity (Table 3.1.4 and Fig. 

3.1.6). All modules are floating on 

two 3500 eV base power supplies. 

Step widths down to 0.125 mV are 

possible.  

 

 

 

 
 

Fig. 3.1.6 
The measured deviation from linearity of the 3.5 keV modules is <10meV 

 
 
 

Range Smallest 
Step Width 

Deviation 
from 

Linearity 

Pass  
Energy 

0 - ±3500 V 7 meV <10 meV 0 - 660 eV 

0 -  -1500 V 3 meV <5 meV 0 - 100 eV 

0 -   ±400 V 0.8 meV <1 meV 0 - 200 eV 

0 -    -100 V 0.125 meV <1 meV   0 -   50 eV 

 

Table 3.1.4   

HSA 10500 modes of operation 
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3.2 Delayline detector 

 
A delay line detector (DLD) is a position (x, y) and time (t) sensitive microchannel 

plate area detector for imaging of individually counted particles (with or without 

temporal resolution in the ps range). The (x, y, t) histograms are gathered over many 

excitation cycles, the images can be collected from continuous running processes 

with random events. The dead time due to a single counting event typically is 10 - 20 

ns enabling live imaging with highest sensitivity and high count rates (of the order 106 

cps) as well as imaging with a 

dynamic range of 106. Unlike for 

other picosecond imagers, DLDs 

collect particle hits continuously 

without gate window duty cycles, 

thus (besides the device dead 

time limits) all hits are registered 

even when they represent random 

time positions within the excitation 

cycle time period. The DLD 

principle is based on measuring 

time differences of signals (Fig. 

3.2.1). 

In the beginning, delaylines were 

made of thin wires wound around a base plate. Today, delaylines are based on a 

serpentine anode technology with improved high voltage decoupling, improving 

lateral resolution and linearity. The detector consists of a chevron multi-channel plate 

array for pulse amplification and an in-vacuum readout unit consisting of crossed 

delaylines. The position of a charge pulse is encoded by the signal arrival time 

differences at opposite ends of the delayline. Each delayline is connected to a 

constant fraction discriminator for pulse shaping and a time-to-digital converter. The 

active area of the DLD used here for 

the analyzer is 65 mm. 

 
The high voltage stability of the DLD 

was tested after 72 hours bakeout at 

150Co, base pressure 3x10-10 mbar. All 

detector potentials were increased 

parallel to -12kV. During this procedure 

the pressure was constantly monitored 

to detect sparking events. The HV 

testing was running for several hours 

at maximum voltage of -12kV without 

any detectable sparking. 

 

Fig. 3.2.3(a) shows a flat field image of the DLD exposed to UV light, while Fig. 

3.2.3(b) shows a DLD image of a shadow mask exposed to UV light. The number of 

 
Fig. 3.2.2  
Delayline detector 

 
Fig. 3.2.1 
Working principle of a delayline detector 
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pixel and the pixel size for each dimension x and y is defined by the images. The 

spatial resolution was estimated on the basis of line scans given (Figs. 3.2.3 (c) and 

(d)). 

 
a) b) 

c) d) 

e) f) 

Fig. 3.2.3  
a)    Flat field image of the DLD exposed to UV light  
       (intensity variation partly due to an inhomogeneous irradiation) 
b)    DLD image (bin 1x1) of a shadow mask exposed to UV light 
c)    enlarged image section of marked area in b) with line scan (red line) in x 
d)    enlarged image section of marked area in b) with line scan (red line) in y.  
e,f)  the spatial resolution of the detector was estimated on the basis of line scans. 
 

DLD Parameters X Y   

 

 

 

 

  Table 3.2.1 

  Image parameters of the DLD 

Active area 65 mm 65 mm 

Number of Pixels 888 pixel 956 pixel 

Pixel Size 66.35 μm 62.36 μm 

Spatial  Resolution  

(best possible) 
133 μm (2 pixel) 125 μm (2 pixel) 
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The number of pixels was calculated for the inner area of Fig. 3.2.3(b) ignoring the 

outer 2mm  The pixel size was calculated on the basis of the 20-80% criterion of the 

line scans sketched in Fig. 3.2.2(c)/(d). Scan results are shown in Figs. 3.2.3 (e)/(f).  

 

The image of the uniformly exposed DLD exhibits some inhomogeneity caused by 

intensity redistribution. The image distortion is caused by a crosstalk of electrical 

pulses: the diagonal pattern is due to interference of X/Y channels, the vertical and 

horizontal features are caused by X1/X2 and Y1/Y2 crosstalk, respectively. These 

effects can be effectively taken care of by a 'flat field' image correction since the DLD 

has a linear response. Flat field correction means that a corrected image IC is 

obtained from the acquired non-calibrated image IA by  

   
    

   
 

where IFF is the independently measured flat field frame and M is the pixel averaged 

intensity of IFF. The result of flat field correction applied to Fig. 3.2.3(b) is shown in 

Fig. 3.2.4.  

 

 
 
 
 
 
Fig. 3.2.4  
Flat field corrected image of the 
shadow mask exposed to UV 
light (Fig. 3.2.3(b)). 
The image shown in Fig. 3.2.3(a) 
was used as a flat field frame.  
The dark spots are likely due to 
defects of the shadow mask. 

 
The dynamic range and the linearity of the DLD was tested at 6 keV excitation energy 

using the Si(111) HHL monochromator at P09 in combination with the attenuator filter 

box to vary the primary X-ray intensity in a controlled way. In the experiment, the Au 

3d5/2 core level peak intensity from a Au polycrystalline sample was measured for 

attenuation factors ranging from 1 to 4410000 (example spectra are shown in Fig. 

3.2.5 (left)). The results show (b) that the DLD is linear at least in a dynamic range of 

~2x106, the experiment was limited to the highest photon flux available which was 

~2x1013 1/s. Count rates range from <2 cps to >2 Mcps. These are very important 

parameters for applications where intensities in a spectrum span a high dynamic 

range, which is often the case when core levels of different sub-shells and materials 

are involved. 
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Fig. 3.2.5 
Left:    Au 3d5/2 peaks acquired at 6 keV with attenuation factors of 1 and 23000 
Right:  Au 3d5/2 intensity as a function of attenuation factor  
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3.3  Spin detector for HAXPES 

 

Scientific case 

 

Motivation for the development of a novel multichannel spin polarization detector for 

spin-resolved hard x-ray photoelectron spectroscopy (Spin-HAXPES) is the growing 

interest of research on new magnetic materials promising for magneto- and spintronic 

devices. Due to enhanced information depth of HAXPES, one can investigate the 

electronic and magnetic properties of buried layers and interfaces which are 

responsible for the functionality of complex devices. The spin polarization can be 

indirectly probed by MCD, whereas Spin-HAXPES is an ideal direct probe. Aim of the 

future development for P22 beamline is the construction of a multichannel spin 

polarization detector for Spin-HAXPES. 

 

 

Working principle 

 

The basic concept of present spin polarimeters is not compatible with parallel 

detection, although they have reached good overall performance and ability for 

vectorial analysis. With Ir(001) [1] and Ir(001)-Au(1x1) [2] spin-filter surfaces with high 

figure of merit and long lifetime in UHV have been found. For high-Z materials the 

diffraction process is highly spin selective, usable maxima of the spin asymmetry 

function reach 82%. Recent developments towards parallel spin detection in 

combination with a hemispherical analyzer [3] and with an emission electron 

microscope [4] exploit the fact that in low-energy electron diffraction k॥ is conserved, 

similar to an optical mirror.  

 

The concept is based on the idea of preserving a two-dimensional electron 

distribution in the spin-polarized low-energy electron diffraction process. Figure 3.3.1 

shows a schematic view of the multichannel spin polarimeter setup. In its exit field the 

electron spectrometer separates the electrons by their energy in the dispersive 

direction. The non-dispersive angular direction shows separated emission angles.  

 

The electron-optical simulation shows four bundles of trajectories calculated 

assuming perfect specular reflection from the surface of the W(100) spin filter crystal. 

In this geometry, the polarization component perpendicular to the scattering plane is 

analyzed via diffraction at about 26 eV kinetic energy. The spin filtered image is 

recorded by a DLD. The scattering process is sketched in Fig. 3.3.1 assuming a 

parallel beam. The specular (0,0) beam is used for spin filtering. Electrons penetrate 

about 4 monolayers into the crystal. 
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Fig. 3.3.1  
 
Top: 
Schematic view of the multichannel 
spin polarimeter setup behind the 
exit field of a hemispherical 
analyzer comprising a narrow 
entrance slit and a wide exit field. 
Two of the trajectory bundles 
indicate electron paths separated 
along the energy axis Ei. The other 
bundles correspond to different 
emission angles separated along 
the Θj axis on the detector.  
 
Bottom: 
Geometry of the scattering process 
for simultaneous acquisition of 16 
data points for the idealized case of 
a parallel beam [3]. 
 

 
 

Multichannel Spin Detector for Spin-HAXPES 
 

 

Implementation in a hemispherical analyzer constitutes multichannel spin detection 

as demonstrated in [3] with about 103 (E,) data points acquired simultaneously. The 

high data acquisition speed made it possible to prove half metallicity in the Heusler 

compound Co2MnSi [7], being hardly possible with a common single-channel spin 

detector due to the fast contamination of this reactive surface. Parallel acquisition of 

more data points has been achieved by integrating a spin-polarizing electron mirror in 

an emission microscope with dispersive energy filter [4], in the present stage of 

development yielding almost 104 (kx,ky) data points in parallel [8]. Sequential 

acquisition of k॥-distributions at many energies yields the complete spin-resolved 

valence band structure. 

 
 

Electron-optical simulations 

 
For the implementation of the spin polarimeter to the Phoibos 225HV it was 

necessary to perform extended simulations of the electron optics. Starting point for 

the simulations was the angular distribution of the electrons in the exit plane of the 

Phoibos 225HV that has been communicated by the manufacturer (SPECS Surface 

Nano Analysis GmbH). The simulations were performed [9] in the so-called medium-

angular-dispersion mode with an exit slit of 3 x 30 mm2, a source size of 0.05 x 0.15 

mm2, a pass energy of 100 eV and a starting energy (kinetic energy at the sample 

surface) of 5000 eV. The azimuthal angle distribution for this parameter set is shown 

47



in Fig. 3.3.2 (left). Fig. 3.3.2 (right) shows that the electrons leave the electron 

spectrometer with approximately 5° tilt along the dispersive direction (away from the 

center of the hemisphere). In the design of the vacuum chamber this is taken into 

account by an adapter element with correspondingly tilted flanges. The figures reveal 

that the beam leaving the analyzer is strongly astigmatic, it means that the angular 

divergence in dispersive directions and non-dispersive direction is strongly different.  

 

  
Fig. 3.3.2 
Simulated angular distribution of the electrons at the exit window of the Phoibos 225 
hemispherical analyzer in medium-angular-dispersion mode, parameters see text.  
Left:    azimuthal angular distribution of the electrons.  
Right: tilt of the beam-rays about an angle of 5° in dispersive direction with respect  
           to the direction normal to the exit plane. 
 
 

The µ-metal chamber housing of the spin detector has been designed and the order 

was placed in August 2014. Fig. 3.3.3 shows a CAD-view of the whole set-up 

including the spin detector chamber. The analyzer is shown with the installed wide-

angle lens.  

 

 
 
Fig. 3.3.3 
CAD views of the HAXPES showing the spin detector addon to the 
spectrometer 
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3.4 Supplementary instrumentation 
 

For the study of magnetic materials by HAXPES it is generally needed to vary the 

relative orientation of light polarization and sample magnetization. As described 

earlier, the light helicity can be switched using the X-ray phase retarder. Alternatively, 

the sample can be appropriately rotated, or if this is not suitable, the sample 

magnetization itself may be (reversibly) changed by bringing permanent magnets 

with opposite poles very close to the sample. In some cases, the last approach is 

preferable because it may offer higher accuracy since both X-ray beam properties 

and sample position remain unchanged. 

However, a special mechanical 

feedthough is needed which allows 

to insert magnets into the chamber 

without breaking the vacuum and to 

bring them close to the sample (Fig. 

3.4.1). Such a device was e.g. 

designed by M. Müller et al. (FZ 

Jülich) and used very successfully 

for experiments at P09. It consists of 

a hollow shaft on a linear motion 

feedthrough (100mm travel range) 

sticking into the vacuum chamber. 

The rod can be brought close to the 

sample in the manipulator and then a 

permanent magnet on a long post 

can be inserted into the rod and 

used to re-magnetize the sample. 

 

The HAXPES chamber is equipped 

with a high-energy electron gun 

(Kimball EMG-4212, Fig. 3.4.2) 

delivering an electron beam from 1-

20 keV in a small spot (down to 

~100µm). This allows e.g. electron 

energy loss studies on the same 

materials measured with HAXPES to 

determine optical band gaps or to 

independently measure inelastic 

electron scattering at the same 

primary energies as corresponding 

HAXPES core electrons. The primary electron energy spread of the LaB6 cathode is 

~0.5 eV.  

 

 
 
 
Fig. 3.4.1  
Linear feedthrough with a hollow shaft (green) for 
placing permanent magnets close to a sample in 
the manipulator. Magnets, attached to a rod, are 
inserted from outside. 

 
 
Fig. 3.4.2  
Kimball physics EMG-4212 high-energy electron 
gun ( 1 - 20 keV) 
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For off-line pre-characterization of samples a high intensity twin anode compact X-ray 

source (SPECS XR-50, Fig. 3.4.3) optimized for XPS experiments is attached to the 

chamber. The electron optics design of 

the anode, filament, and source 

housing guarantees maximum X-ray 

intensity and very low cross-talk 

between anodes. The source is 

differentially pumped and equipped 

with a Mg/Cr (300/300 Watt) twin 

anode. Because of geometric 

constraints at the analysis chamber, it 

was decided not to implement an X-ray 

monochromator. Note that the Cr anode yields X-ray energies in a typical HAXPES 

energy range (Cr Kα:  5.415 keV). 

 

 

For electrical in-situ characterization of 

device-like multi-layer structures (using 

the electrical contacts of the sample 

holder) a 2-ch precision source/measure 

unit (Agilent B2912A, Fig. 3.4.4) is 

available. It provides the capability to 

source and measure both voltage and 

current, performing I/V measurements 

easily with high accuracy (highly 

programmable, pulsed modes), the 

resolution is 10fA resp. 100nV. 

 

 
 

 
 
Fig. 3.4.3  
SPECS XR-50 twin-anode X-ray source  with 
motorized  z-travel 

 

Fig. 3.4.4  

Agilent B2912A two channel precision 
source/measure unit 
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4. HAXPEEM instrument 

 
Scientific case 

 
The evolution of nanoscience with continuously decreasing structure size has created 

a strong need for electron spectroscopic information from sub-µm areas, i.e. 

spectromicroscopy. This information is nowadays often provided by energy-filtering 

photoemission electron microscopes (PEEM) with high lateral resolution. Still, due to 

the kinetic energy dependence of the inelastic electron mean free path, the 

photoelectrons in a conventional photoemission experiment originate from the 

surface-near region, although many questions in nanoscience and device 

engineering need access to structures buried beneath covering layers of a few 

nanometers thickness. One way to enhance the information depth is by increasing 

the kinetic energy of the photoelectrons, which requires the excitation with hard X-ray 

photons (HAXPES). In order to make the advantages of HAXPES available to 

nanoscience, the development of HAXPEEM employs energy-filtered full-field 

photoemission microscopy using high kinetic energy photoelectrons. In contrast to 

photon beam scanning methods, the lateral resolution is in this case mainly 

determined by the electron-optical properties of the microscopes’immersion lens 

system. 

 

Working principle of HAXPEEM 

 
The HAXPEEM instrument is based on a “NanoESCA”-type energy-filtered 

photoemission microscope manufactured by Focus GmbH and Omicron 

NanoTechnology GmbH [1]. The instrument consists of a fully electrostatic electron 

optics, which collects electrons photoemitted from the sample surface and forms a 

 

Fig. 4.1 
Working principle of the HAXPEEM instrument 
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magnified image (Fig. 4.1). The electrons are subsequently retarded towards the 

pass energy of the energy filter, which consists of two identical hemispherical 

analyzers operated in tandem configuration. While the passage of the first 

hemisphere introduces energy dispersion and selects a specific electron kinetic 

energy at the exit slit, the second hemisphere acts to compensate angle dependent 

image aberrations introduced by the first hemisphere. An energy-filtered image is 

formed at the exit of the second hemisphere, which is in turn further magnified by a 

two-stage projection optics. Energy scanning is achieved by applying a variable bias 

to the sample while the analyzer is operated at constant pass energy. In addition to 

imaging the photoemission from the sample surface in real space, the back focal 

plane of the objective lens can be imaged to map the angular distribution of the 

photoelectrons, in effect performing an ARPES experiment. Both azimuth and take-

off angle are mapped in a single image per electron kinetic energy. 

 

Technical specifications 

 
The instrument is mounted in a dedicated vacuum chamber which can be connected 

to an X-ray flight tube passing on the beam through the upstream HAXPES 

instrument (Fig. 4.2). During operation, ion getter pumps keep a base pressure of 

5x10-10mbar. A load lock and small sample storage system enables the introduction 

and quick exchange of samples, which are 

mounted onto molybdenum sample holders. 

The preferred sample size is 10x10mm. For 

quick inspection of samples, the instrument 

is equipped with a high pressure mercury arc 

lamp delivering UV light of about 5eV photon 

energy. In addition to the energy-filtered 

mode of operation outlined above, the 

instrument can be used as a PEEM in total 

yield mode (without energy filtering) for 

absorption experiments. Furthermore, a 

channeltron detector behind the first 

hemispherical analyzer can be used to 

quickly record spectra without imaging (see 

Fig. 4.1b). The instrument is capable of 

reaching a lateral resolution of better than 

40nm, both with and without energy filter. 

The field of view can be changed 

continuously from 500 µm down to 5 µm. 

The analyzer can reach an energy resolution 

of better than 100 meV. 

In order to adapt the instrument to the 

specific conditions of HAXPES, the sample 

bias voltages had to be expanded into the 10 

kV-region. In this context, the development of variable voltage supplies which deliver 

 

Fig. 4.2 
Sketch of the HAXPEEM instrument 
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a stable voltage of several kV which can be scanned reasonably fast with a step 

resolution in the mV range was particularly challenging. Higher sample bias voltages 

in turn made it necessary to increase the operating voltage of the microscope’s 

immersion objective lens alongside, which has to be high enough to create an 

accelerating field of about 10kV/mm between the sample surface and the first lens 

electrode.  

 

To cope with small signal rates often encountered in HAXPES, a software-based 

single event counting image acquisition scheme is implemented. This works by 

running the MCP of the imaging unit in the plateau region of its amplification 

characteristics, so that each electron hitting the detector produces a significant bright 

spot on the screen. The screen is imaged at a high frame rate and electron impact 

events are detected and located in real time by image processing software. Events 

are labeled and summed up according to their position. In this way, the dark current 

signal is canceled and MCP noise is strongly suppressed, enabling long exposure 

times. 

 

First experiments and instrument performance 

 
In 2011, a proof-of-principle experiment was performed at PETRA III beamline P09, 

using the NanoEsca instrument usually operated by FZ Jülich as a permanent end-

station at beamline 1.2L at Elettra (Trieste). 

After this turned out to be successful [2], the 

HAXPES-dedicated instrument as described 

above was designed. During 2013, the new 

instrument has been tested during two 

beamtimes at P09 (Fig. 4.3). A compilation of 

the results achieved has been recently 

submitted for publication [3]. Lens tables for 

the high voltage optics had been prepared 

using simulations to be able to keep the image 

focused while scanning the sample voltage. 

Image magnification determined using a test 

sample of known dimensions match well with 

those calculated from the simulations (Fig. 

X.4). So far, the instrument has reached a 

spatial resolution of 400 nm and a spectral 

resolution of 800 meV. It has to be pointed out, 

however, that this is rather limited by the 

choice of big apertures to gain transmission in 

favor of high resolution and leaves room for 

future improvement. It could be shown that it is 

feasible to acquire image information on core  

 

Fig. 4.3 
HAXPEEM instrument installed at 
beamline P09 (Oct. 2013). 
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level photoemission lines from 

beneath several nanometer 

thick cover layers. So far, there 

was no evidence for a loss of 

lateral resolution due to the 

higher probing depth. The 

instrument showed stable 

operation during the 

beamtimes and could be run 

unsupervised for several hours 

to acquire image series with 

long exposure times. 

 
 
 

 
 
 
 
 
 
4.1 Specific design option: spin detector 

 
A recent development is the use of imaging spin filters in photoelectron microscopy 

[4]. Here, the reflection or diffraction from a single crystal of a heavy element is used 

to introduce a spin asymmetry into the optical path due to spin orbit coupling. Since 

the electrons leaving the energy filter are mono-energetic, they can be naturally used 

for such a scattering experiment. The spin filter crystal works effectively as a spin-

dependent mirror in the electron optics, transferring spin polarization along the 

normal of the scattering plane into image intensity. In real space imaging, this can be 

used to image magnetic domains, while use in the angular resolving mode of the 

instrument results in spin resolved band mapping. In combination with hard X-ray 

excitation, one could access spin-resolved ARPES from the bulk bands of the sample 

material. The feasibility and limitations of hard X-ray ARPES has recently been 

explored [5]. The addition of spin information on the one hand and information on the 

sample homogeneity gained by the real space imaging mode on the other hand 

would be of great value, although the additional signal loss due to the scattering 

process clearly poses a challenge.  

 

Current state of the development: imaging spin detector 
 
As imaging spin filter crystal the instrument employs a very large iridium(100) single 

crystal (20 mm diameter), which can be either used without coating [6] or coated by a 

pseudomorphic monolayer of gold as first described by J. Kirschner et al. [7]. The 

 
Fig. 4.4 
a) Images of calibration sample (checkerboard pattern, 
Au on Si) at different kinetic energies. (b) Magnification 
in comparison to simulation results. Taken from [3]. 
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gold monolayer stabilizes the surface in its (1x1) structure, whereas clean Ir(100) 

shows a pronounced (5x1) reconstruction. Prior to gold deposition, the iridium 

surface is cleaned by repeated heating cycles in oxygen (5x10-8 mbar) and flashing 

to 1200 – 1400 K. In order to reach a large temperature gradient, the large crystal is 

heated from the backside by 3 filaments (250 watts each), as shown in Fig. 4.1.1 

(left). Electron bombardment at 250 mA at 1000 V is sufficient to reach the required 

temperature for oxygen treatment and high temperature flashes in less than 30 s. 

 

Spatially resolved detection of the scattered electrons is done using a special type of 

delay-line detector (special design of Surface Concept GmbH for this project). The 

detector is housed in a compact, fully screened cage (Fig. 4.1.1, right). This compact 

design allows rotating the detector about the crystal center on a two-axes goniometer 

in UHV during operation. 

 

The detector unit has been designed and built (Fig. 4.1.2). A spin filter crystal on its 

holding ring is mounted on an inner rotation axis that can be operated using a UHV 

rotary motion feedthrough. This degree of freedom allows varying the polar scattering 

angle. The delay-line detector is mounted on a second rotation axis (collinear with the 

first) and can be operated by a second rotary motion feedthrough. The combination 

of these two rotary degrees of freedom allows performing -2-scans for optimization 

of the spin-asymmetry. Measurements of the spin-asymmetry and intensity in the 2D-

scattering angle – scattering energy landscape for the spin filter systems Ir(100) – 

Au(1x1) [7] and W(001) [8-10] revealed that it is advantageous to be able to precisely 

select the scattering angle instead of mounting the spinfilter under a fixed scattering 

angle. 

 

 

  

  
Fig. 4.1.1 

Ir (001) spin filter crystal on heating 

stage; behind the crystal 3 filaments 

for electron bombardment are 

mounted. 

 
Delay-line-detector for spatially resolved 
recording of electrons. The special 
construction is very compact, has flexible 
electrical leads, allowing for movement on 
the goniometer in UHV. 
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The whole assembly of Fig. 4.1.2 can be rotated about a second axis perpendicular 

to the first one and thus allows the variation of the azimuthal scattering angle. This 

has two important advantages: on the one hand, measurement of the scattering 

intensity right and left of a given quantization direction allows eliminating apparatus-

related spurious asymmetries, comparable to a classical Mott-detector [11]. On the 

other hand, it allows selecting any transversal direction of the spin alignment, i.e. it 

gives access to the 2D distribution of the spin polarization (transversal projection).  

 

 

 
 

 
Fig. 4.1.2 
Complete goniometer unit of spin filter crystal on heating stage (visible in the left photo) and 
delay-line detector on rotatable holder (right photo) allowing variation of the polar scattering 
angle. The cylindrical carrier of the DLD contains a two-element-lens for focusing of the 
image of the scattered electrons onto the entrance plane of the delay-line detector. The 
rotatable unit of spin filter crystal and delay-line detector is carried by the fork-shaped holder 
(one arm on the bottom of the right photo) that is mounted via an insulating element on the 
main rotary motion feedthrough (not visible in the figure) that allows rotation about the 
second axis for variation of the azimuthal angle about the incoming electron beam. 
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5. Experiment control and analysis software 
 

The electron spectrometer can be controlled by the newly developed SpecsLab 

Prodigy, which is supposed to become the default control software for SPECS 

analyzers. It provides access to all parameters, like lens modes, detector settings, 

energy settings. 1D, 2D and 3D data can be acquired. Databases in form of an 

element library may help with peak identification and quantification. Tools for simple 

data evaluation, like normalization, linear operations, intensity evaluation, peak and 

Fermi edge fitting are available. Besides the generic xml based SpecsLab data 

format, export routines are included for HDF5, VAMAS, IgorPro and x/y-ASCII data.  

 

An important issue is the possibility to measure photoelectron spectra as a function of 

some other beamline and/or experiment parameter, e.g. angular dependent data by 

rotating some manipulator axis or photon energy scanning for constant final state 

spectra. To implement this capability in the most flexible and user-friendly way, a 

remote control protocol for SPECS Prodigy was developed in close collaboration with 

SPECS allowing operation of the analyzer via a TCP/IP connection from the 

beamline control computer. This client-server approach is believed to be the most 

flexible solution for this purpose. Considerable effort has already been made to 

implement and test GUI and script-based client software for an efficient combined 

spectrometer and beamline control. This is described in detail below. 

 

Background: experiment control at PETRA III 
 
One of the main challenges of the experiment control at PETRA III – and other 

comparable laboratories - is the variety and complexity of devices which have to be 

supported by the control software. This is being met by implementing a device 

oriented control system, Tango, which serves as the hardware access layer 

[http://www.tango-controls.org/]. Tango is a distributed object oriented system, 

supporting a client-server model. Communication between involved components can 

be synchronous, asynchronous or event driven. The Tango system is based on the 

concept of devices where each physical device is represented as a server exposing a 

set of attributes and methods. Network communication is done using CORBA or ZMQ 

depending on communication type. 

 
Tango supports bindings to a variety of languages such as C, C++, Java, Python. 

Moreover many standard tools for device browsing, discovery and manipulation exist, 

including Jive and Astor. Figure 5.1 shows the Tango software stack including a 

selection of user interfaces. 
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Fig. 5.1  
Tango control system with high level user interfaces. Each physical 
device is represented as a Tango server. 

 

Control system at beamline P22 

 
The control software for the beamline P22 which is currently being developed and 

tested at the present HAXPES instrument at beamline P09 consists of two main 

components: the beamline control and the experiment control. The system serves as 

a central place for the setup, execution and monitoring of the entire experiment, 

including remote access and control.  

 

Both components of the control system are implemented in Python (being one the 

most widely used high-level scripting languages both for MS Windows and Linux 

systems) on top of the Tango layer. However, the general design and implementation 

of the software allows for easy interaction with other control middleware. For the 

implementation of the graphical user interface the established PySide library was 

chosen. A key element of the user interface is the efficient display of accumulated 

spectra (in real time) and their easy and intuitive interactive manipulation. Here we 

chose to make use of the capabilities of the pyqtgraph graphical library 

[http://www.pyqtgraph.org/] which is purely written in Python – making it platform 

independent – and which implements sophisticated and highly efficient graphical 

output.  

All relevant settings of the experiment are stored in XML configuration files which 

define the mapping between symbolic names and physical devices, servers' locations, 

software limits, and many other key parameters. Access to devices (or selected 

components of them) can be granted or restricted according to user's needs and 

experience. This is an essential requirement since the experiment and beamline 

control exhibits a high complexity which cannot easily be handled by an occasional 

user of the beamline. The change of critical parameters therefore has to be restricted 

in an appropriate way. It is clear, however, that the expert beamline staff must be 

able to access and change all parameters.  
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Fig. 5.2 
Schematic view of the P22 control system. The beamline control and 
the experiment control run on the same Linux PC. 

 
 

Beamline Control 
 
The beamline control system is used for steering beamline components and for 

configuration of their parameters. Figure 5.3 shows a typical screenshot of the 

beamline control program with the “Motor properties” window. From this level, most of 

motor's parameters can be easily adjusted, including its calibration. The latter 

requires authorization. 

 

 
Fig. 5.3 
Example of the beamline control system showing the motor menu of 
the HAXPES chamber, i.e. manipulator and support table movements. 

60



An important feature of the system is its great simplification of the implementation of 

new devices since it is basically reduced to an addition of an entry in the XML 

configuration file. All motor movements can be handled on a relative or absolute 

scale, pre-defined software limits are being checked on-the-fly. For experiment 

alignment purposes, calibration scans can be easily performed by monitoring specific 

signals, such as the sample drain current, as a function of motor position. 

 

A specific configuration (“state”) of motor positions and other parameters may be 

saved as a “beamline snapshot”. Snapshots can be freely named for user-friendly 

handling. Re-loading a beamline snapshot file allows to easily “revert” the beamline 

to one of the saved states.  

 
 

Experiment Control 
 
The other essential component of the control system deals with the experiment setup 

and execution. The control software directly communicates with the SPECS electron 

spectrometer (for spectra definition and acquisition) and all other beamline devices. 

Therefore, the entire experiment is controlled by a single application. Figure 5.4 

shows the current state of the main user window of the experiment control subsystem. 

Its layout was inspired by the graphical user interface (GUI) layer developed and in 

use at Diamond Lightsource. 

 

 
Fig. 5.4 
Main window of the experiment control subsystem, a) file navigator, b) spectrum sequence 
editor, c) item editor, d) spectra viewer, e) logging console.  
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The GUI of the experiment control consists of: 

 file navigator 

 spectrum sequence editor – used for measurement definition (including the 

order in which they are performed) 

 item editor – for measurement parameters' settings 

 spectra viewer 

 console – serving as a logging window. 

 

An experiment is defined as a sequence of measurements (spectra) to be performed. 

Related measurements can be grouped together. The application supports undo/redo 

mechanism, on-the-fly validation of all input parameters, troubleshooting is simplified 

thanks to built-in logging services. The system also provides a repository of 

frequently used pre-defined scan definitions masks similar to the concept of the 

SCIENTA analyzer control software. Naturally, user defined scan masks can be 

easily added to the repository for later re-use.   

 

Acquired electron spectra together with (almost) all accessible beamline and 

instrument parameters are stored in single NeXus data files, which are based on the 

hierarchical data format HDF5. The use of this file format is part of the Helmholtz 

High Data Rate (HDR) initiative aiming at consistent and easy data exchange and 

evaluation within Helmholtz research centers. An export option to raw ASCII files is 

implemented if needed. File names are automatically augmented with time stamps 

which are needed to document the chronological order of data acquisition which may 

be important information in the later data analysis. It is worth mentioning that the 

control software allows acquiring electron spectra as a function of essentially any 

beamline and/or experiment parameter (such as manipulation motor position, sample 

temperature, photon energy, X-ray beam polarization, etc.). 

 

For applications needing complex sequences of combined arbitrary parameter 

settings and/or conditional controls in an automated fashion, Python scripting may be 

used. Thus besides the standard task of data acquisition, one can perform additional 

operations including online data filtering, reduction, peak analysis, etc. and 

conditional scan execution depending on spectra evaluation. This allows e.g. to 

implement automated alignment or optimization procedures based on peak shape 

analyses. Listing x.1 shows an example of measurement script. 

 
from Scripting.language                import (loadConfiguration, connectAnalyzer, acquireSpectrumFAT, mv, mvr) 
from Measurement.region             import Region 
from Measurement.measurement import Measurement 
 
loadConfiguration  ("config/p22.xml") 
connectAnalyzer   ("phoibos225HV") 
 
measurement = Measurement ("Manipulator_Scan.nxs”, autoSave=True) 

scanMaskA    = Region("Region_A", 300.0, 320.0, 1.0, 0.1, 50.0, "MediumMagnification", "3.5kV", nSweeps=4) 
 
center_X = center_Y = 0 
mv ("manipulator_X", center_X) 
mv ("manipulator_Y", center_Y) 
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dx = dy = 0.2 
for idx in range(10): 
  dataRegionA = acquireSpectrumFAT ("phoibos225HV", scanMaskA) 
  measurement.appendRegion (dataRegionA, "Group 1") 
  mvr ("manipulator_X", dx) 
  mvr ("manipulator_Y", dy) 
 

 
Listing 5.1 
Simple sample python script: spectra acquisition as a function of manipulator movement 
45o in the (X,Y) plane. 

 
 

Communication with the SPECS analyzer 

 
The fundamental issue concerning communication with any software controlled 

hardware is a common, well-defined and documented interfacing language. In close 

collaboration with SPECS we defined an ASCII text based client-server command 

protocol interpreted by a TCP/IP server running on the SPECS analyzer PC, which 

locally communicates with the newly developed SpecsLab Prodigy analyzer control 

software. 

 

Communication is performed on request-reply basis. Each request is acknowledged 

by the server with “OK” or a self-explanatory error message in case something went 

wrong. Commands which require more processing (like data acquisition request) are 

executed asynchronously, i.e. a reply informing that the command has been 

accepted is send immediately to the client, while the actual execution state can be 

queried later through other requests. In order to ensure unambiguous server 

response assignment to previously issued client commands, all commands and 

responses include a unique numerical identifier. An example of request-reply is given 

below (listing 5.2). 

 
 
Client command sent to SPECSLab Prodigy: 
 
?0006   DefineSpectrumFAT     StartEnergy:300.0     EndEnergy:1500.0     StepWidth:1  
                                                   DwellTime:0.1           PassEnergy:10.0       LensMode:"MediumArea" 
                                                   ScanRange:"1.5kV"  
Server response: 
!0006 OK                                                                     (if everything was correct) 
or 
!0006 Error: 192 “Start energy should be above...”     (example for some error condition) 
 

Listing 5.2  

 

The current version of the protocol allows for a single TCP/IP connection with the 

SpecsLab Prodigy. Acquired spectra are returned as a plain (uncompressed) ASCII 

stream. However, it is planned to also support binary data transmission if such need 

arises e.g. due to timing issues. This still needs to be worked during the extended 

testing phase which has just begun using the HAXPES system at beamline P09.  
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The following table summarizes the currently implemented commands and their 

meaning. 

 

Connect open connection to SpecsLab Prodigy 

Disconnect close connection to SpecsLab Prodigy 

DefineSpectrumFAT send FAT spectrum specification definition for 
subsequent acquisition, existing data from a previous 
scan must be cleared first 

DefineSpectrumSFAT send SFAT spectrum (snapshot) specification for 
subsequent acquisition, existing data must be cleared 
first 

ValidateSpectrum validate parameters defined by previous 
DefineSpectrum<Type> command. 
Start – start data acquisition, spectrum must have been 
validated first. An acquired spectrum remains valid when 
it is cleared. 

Pause pause data acquisition 

Resume resume a paused data acquisition 

Abort abort a running or paused data acquisition 

GetAcquisitionStatus requests information about the status and the progress of 
the acquisition 

GetAcquisitionData requests a slice of data from the acquisition buffer. The 
readout is “non-destructive”, i.e. the buffer contents is not 
modified. Reading parts of the spectrum buffer which 
have not yet been acquired is not an error and returns 
zeros 

ClearSpectrum if the controller is in state finished, the command clears 
the acquired data and resets controller state to idle 

GetAllAnalyzerParameterNames request all available analyzer device parameters names 

GetAnalyzerParameterInfo request information about a single analyzer parameter 

GetAnalyzerParameterValue request the value of a single analyzer parameter 

DisconnectAnalyzer request to disconnect analyser 

 
 

Data format 
 
For the data storage the NeXus file format is used. The format is based on widely 

accepted HDF5 format specification and is becoming a standard file format in the 

photon, neutron and ion science communities of the Helmholtz research centers. 

NeXus data files are binary files with a well-defined and efficient tree structure. They 

contain complete information about the experiment, i.e. acquired spectra together 

with the full instrument and beamline information (motors' positions, photon energy, 
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sample parameters etc. as well as user supplied meta information) avoiding any 

problem of information scattering among multiple measurement files or lab books. 

 

NeXus files can be post-processed using available (and partially free) analysis 

software including Dawn, IDL or Matlab. For user-written analysis software and other 

applications well-documented bindings to languages like C++, Fortran, Java or 

Python exist. 

 

Further software development and outlook 

 
The development of the control software has begun in 2013 and its functionality is 

steadily growing and also being iterated based on the experience of practical testing 

at the present HAXPES instrument at beamline P09. During the ongoing shutdown of 

PETRA III due to civil engineering of the PETRA III extension project, the current 

beta-version of the software will be tested during off-line operation of the HAXPES 

instrument at P09 using the attached laboratory X-ray and e-beam sources. It is 

further planned to use the control system also in “production mode” at P09 when user 

operation will resume in spring 2015. We anticipate that the basic functionality of the 

software will be completely operational and thoroughly tested when the HAXPES 

instrument commissioning starts at beamline P22 in 2016.  

 

In addition to the basic functionality which has been implemented in the current beta 

version of the control software, it is planned to also add more sophisticated features.  

These include 

 automated alignment scans  

(manipulator, monochromator settings, analyzer adjustment, ...)  

 automated complex angle-dependent data acquisition 

 on-the-fly data pre-evaluation  

(energy positions, line shapes, intensities, time dependencies, …) 

 collision protection 

 detector overexposure protection  

(e.g. prevent the count rate exceed 1Mcps) 

 

 

Data analysis software available for users 

 

Photoelectron spectra can be simulated for layered samples with a given composition 

using installed SESSA simulation package [1]. The simulated spectra, for layer 

compositions and thicknesses specified by the user, can be compared with measured 

spectra. The layer compositions and thicknesses can then be adjusted to find 

maximum consistency between simulated and measured spectra.  

 

Spectra can be fitted and analyzed using UNIFIT [2] (currently available version 

2013).The peak fit is based on non-linear least squares curve-fitting using the 
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Levenberg-Marquardt algorithm. The program allows choosing product, sum or 

convolution of Gaussian and Lorentzian functions for the calculation of the model 

function. All peak parameters may be varied independently, varied within a chosen 

interval or fixed at certain values. Moreover, parameters may be determined on 

absolute scales or they may be treated as relative parameters i.e. related to the 

leading peak of a doublet or to the first out of a group of peaks. 
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Appendix 

 

Beamline and instrument parameter summary 

 

Beamline P22 

Undulator 

Spectroscopy undulator U33, 2m  
λU = 32.8mm, Bo=0.883T 
Brilliance at 6 keV: 1020 s-1 mrad-1 mm-1 
0.1%BW-1 

Source 

electrons: βx = 20 m , βy = 3.2 m 
photon source parameters at 6 keV (rms): 
Size           :   141 x 6.1 µm2 

Divergence:  10.1 x 7.4 µrad2 

Photon flux 2·1013 ph/s at 8 keV (Si(111) bandpath) 

High heatload LN2-cooled 
primary Monochromator 

Si (111) DCM, E = 2.4 – 53 keV 
Si (311) DCM, E = 4.6 – 102 keV 

Low energy operation 20 µm diamond window (I/I0 = 0.93 at 3keV) 

HAXPES photon energy 
range 

2.4 – 12 keV 

Beam polarizer (single stage 
diamond phase retarder)  

linear      (horizontal / vertical)  
circular   (left / right) 
range: ~3  – 12 keV (different crystals) 

Mirror focusing:  
minimum focus in EH1 

14 (H)  x 13.5 (V)  µm2 (FWHM) at instrument 1 
28 (H)  x 16    (V)  µm2 (FWHM) at instrument 2 

Post-monochromator 
double channel-cut (+ – – +), 3 crystal pairs 
reflections: Si(111) / Si(333) / Si(311) / Si(220) 

Beam attenuation UHV 12-slot metal foil attenuator 

Electron analyzer 
SPECS Phoibos 225HV 
Ekin up to 10.5 keV,  
exchangeable standard/wide-angle lens 

Electron detector 
Delayline, 65 x 65 mm2 active area 
Pixel size 66 / 62 µm 

Electron spin detection 
Multichannel spin polarimeter,  
using spin filter crystal (e.g. Ir(100)) 
spin filtered image recorded by DLD 

Manipulator 
Omicron 5-axis, integrated He cryostat 
temperature range 20 – 400 K 
4-contact sample holders 

Supplementary equipment  
Twin-anode X-ray source (Al, Cr) 
20 keV e-gun for REELS 

Spectro-microscopy 
HAXPEEM, energy-filtered photoemission 
microscope; option: imaging spin filter 

Experiment control 
Tango based client-server for beamline & exp. 
Fully integrated electron spectrometer control 
GUI und Python-scripting  

Infrastructure Dedicated lab room in experimental hall 

 

  

67



Time line 

 

 Work at P22 only (P09 activity in parallel, not listed)  

02/2014 Conceptional beamline design  

02/2014 Call for tender: optics hutch  

06/2014 User workshop  

08/2014 Delivery: undulator support structure  

08/2014 Start front end installation (1)  

09/2014 TDR review  

09/2014 Call for tender: experiment hutch  

09/2014 Delivery: high-heatload monochromator  

09/2014 Construction: post- monochromator & phase retarder  

11/2014 Call for tender: mirrors  

12/2014 Call for tender: undulator magnet structure  

03/2015 Set up optics hutch  

04/2015 Start: Installation of technical infrastructure (OH)  

07/2015 Install HHL monochromator  

08/2015 Set up experimental hutch  

09/2015 Start: Installation of technical infrastructure (EH)  

10/2015 Start: Installation of instruments  

11/2015 Install undulator  

11/2015 Front end installation (2)  

02/2016 Optics installation  

03/2016 First beam (maybe unfocused)  

04/2016 Start beamline and instrument commissioning  

06/2016 Mirror installation  

08/2016 First experiments (friendly users)  
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