


 

_______________________________________________________________________________________________________
ESD 1.6-102-r0                                                                          Check the LCLS Project website to verify  
2 of 10  that this is the correct version prior to use. 

Change History Log 
 
Rev 
Number 

Revision 
Date 

Sections Affected Description of Change 

000 11/23/2007 All Initial Version 
    
    
 



 

_______________________________________________________________________________________________________
ESD 1.6-102-r0                                                                          Check the LCLS Project website to verify  
3 of 10  that this is the correct version prior to use. 

 
1. Introduction  
 
Five time-of-flight electron spectrometers will be arranged around the interaction region to measure 
the kinetic energies and angular distributions of the electron emission in both the dipole plane and 
non-dipole directions. In the AMO experiment, electrons will be ionized from atomic, molecular 
and cluster samples by the x-ray FEL beam.  The sample will be introduced into the interaction 
region from a skimmed pulsed gas jet and will have a sample density ranging from one atom to 
several thousands of atoms in the interaction volume depending upon the experimental conditions 
(i.e. atomic photoionization, cluster photoionization, etc.). 
 
2. Kinetic energies of the electrons: 
 
Electrons of a wide range of kinetic energy are expected from the interaction region, depending 
upon the process under investigation.  For example, low energy electrons are expected from 
photoionization at photon energies just above a photoionization edge.  Much higher kinetic energies 
will arise from Auger decay of core holes or multiple photon ionization (or above threshold 
ionization).  To improve the temporal, and hence energy, resolution of the TOF spectrometers, fast 
electrons will be retarded in the spectrometers by application of decelerating voltages (i.e. negative 
voltages). 
 
With a photon energy range of approximately 800-2000eV on the soft x-ray line, photoionization of 
low binding energy electrons with 2-6 photons will yield electrons with kinetic energies of ~5keV, 
which can be retarded to low kinetic energies using a retarding voltage of up to 5kV.  While higher 
energy electrons may be obtained at the highest intensities, 5kV is a practical limit due to electrical 
feedthroughs.  Should it become necessary to go to higher voltages, specialized connectors are 
available for 10, 15 or even 20kV.  The physics accessible to the instrument will not be 
compromised due to the 5kV limit, however, since at the lowest photon energies, at least six 
photons would be required to produce 5keV electrons. 
 
3. Orientation of the spectrometers: 
 
Electrons will be emitted through different angles depending upon the physics of the 
photoionization process.  Three of the electron TOF spectrometers will be arranged in the dipole 
plane, at 0º, 54.7º and 90º relative to the plane of polarization of the light.  If the transmission of 
these three analyzers are properly calibrated it will be possible to directly measure the angular 
distribution asymmetry parameter, β, directly.   The asymmetry parameter is defined by the 

expression for the angle resolved photoionization cross section: 21
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It is important to measure angular distributions pulse-by-pulse as pulses will be unique events, so it 
will not be simple to accumulate data into the TOF spectra.  Two additional detectors will be 
oriented out of the dipole plane to measure terms, γ and δ, dependent upon electric-quadrupole 
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.  These equations along with 

the orientations of the spectrometers are from a paper describing the optimal set-up for measuring 
non-dipole photoelectron angular distributions (Shaw, Arp et al. 1996).  This configuration has been 
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successfully employed to measure both dipole and non-dipole angular distributions of electrons 
from atomic and molecular samples at the Advanced Light Source and Advanced Photon Source. 

 
Figure 1: Coordinate system for the electron spectrometer orientation.  In this coordinate system z is the photon 
propagation direction and x is the direction of polarization of the light. 
 
Table 1: Orientation of the five electron spectrometers. 

 θ φ comment 
1 0º 90º Along y-axis 
2 35.3º 90º Magic angle in xy dipole plane 
3 90º 90º Along x-axis 
4 54.7º 0º Non-dipole 
5 90º 35.3º Non-dipole 

 
4. Electron TOF Electrostatic Design: 
 
The electrostatic design of the electron TOF spectrometers is based on that used by Dennis Lindle’s 
group at the ALS.  They have spectrometers designed to operate up to 5 keV with an electrostatic 
lens that can retard electrons down to about 2% of their initial kinetic energy with good 
transmission (Hemmers, Whitfield et al. 1998). Each TOF spectrometer consists of several parts 
including apertures, lenses, flight tube and detector.  The design consists of a series of lenses used to 
retard the electrons in stages to the desired kinetic energy in the flight tube while maintaining a 
nearly constant transmission over as great an energy range as possible.  The flight tube is a field free 
region where electrons with different kinetic energies disperse in time, with the higher energy (faster) 
electrons arriving at the detector before those with lower energy.  A sketch of the approximate 
design is shown below in Figure 2. 
 

 
Figure 2:  Sketch of the electrostatic elements of the electron time-of-flight spectrometer.  The interaction region is 
indicated by the red star, while the detector is shown on the right hand side of the figure.  The dimensions are 
approximate and can be modified to meet other design requirements. 
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Details about the design parameters: 
 

4.1. All electrostatic elements should be enclosed in an external shield at ground potential to 
minimize field in the interaction region. 

4.2. The first four lens elements should be machined from a nonmagnetic material, such as 
molybdenum. 

4.3. The gap between the lens elements should be 2mm±100μm. 
4.4. Lens elements should be concentric along the long axis to within 100μm. 
4.5. Inner dimensions of the lens elements as follows (starting from the element closest to the 

interaction region): 
Element Description Voltage Length Diameter 
1 Aperture  0 N/A 1mm 
2 Aperture 2 N/A 2mm 
3 Lens-1 -4000 30mm 20mm 
4 Lens-2 -4575 30mm 18mm 
5 Lens-3 -4850 30mm 18mm 
6 Lens-4 -5000 80mm 16mm 
7 Flight tube -5000 ~350mm ~40mm 
8 detector +2500 N/A ~40mm 

4.6. Insulators separating the lens elements should not be visible to the electron trajectories 
though the spectrometers. 

4.7. The detector at the end of the flight tube will have a grid, used to accelerate the electrons 
onto the surface of the detector.   

4.8. The detector will be mounted on the vacuum flange at the end of the detector, so 
appropriate coupling between the end of the flight tube and detector will need to be 
considered.  A sketch of the detector to be purchased from R.M. Jordan (C-726 40mm 
MCP Detector Assembly) is given below in Figure 3. 

4.9. SHV feedthoughs for each of the five unique electrostatic elements plus the three 
connections required to power the detector along with the signal output of the detector 
should be located on the end-cap flange which also mounts the detector. 

4.10. The entire electron TOF assembly should mount into a spool that connects directly 
to the experimental chamber, with the spectrometer being reentrant into the chamber. 

4.11. The flight tube should have an electroformed wire mesh covering the exit end of the 
tube. 

4.12. The flight tube should have a large hole cut into it that lines up with a pump on the 
mounting spool.  The hole in the flight tube should be completely covered with a high 
transmission electroformed wire mesh. 
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Figure 3:  Sketch of the electron detector.  Dimensions are given in inches. 
 
5. Magnetic Shielding: 
 
Electron trajectories are affected by magnetic fields.  A sufficient field can impact the transmission 
of the electron TOF by diverting electrons out of the open aperture of the spectrometer or off of 
the detector resulting in their loss.  The tolerable magnetic field along the electron trajectory can be 
estimated by considering a 1eV electron traveling 0.5m from the interaction region directly towards 
the detector.  If the detector is 40mm in diameter, the electron will miss the detector if it deviates by 
greater than 20mm from a straight line trajectory.  This corresponds to a circle with a radius of 
62.6m. 
 
The magnetic field which results in a radius of curvature of 62.6m for this 1eV electron is then: 
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The strength of the earth’s magnetic field is about 0.5 Gauss around the San Francisco area 
(http://www.physics.ucla.edu/demoweb/demomanual/electricity_and_magnetism/magnetostatics/
earths_magnetic_field.html) resulting in a required attenuation of about 1000 times along the 
trajectory of the electron in the worst case scenario.  This is typically achievable with a single thick 
layer of mu-metal magnetic shielding. 
 
Design considerations: 

5.1. The magnetic shield should extend from the detector end of the spectrometer spool and 
mate with the magnetic shielding of the main chamber with a suitable tight-fit joint 
extending over at least 2cm of overlap with the shield from the TOF fitting over the main 
chamber shield spool.  The joint should mate to the main chamber shielding when the 
electron TOF spectrometer CF flange is made up to the chamber flange.  

5.2. Penetrations through the magnetic shielding should be minimized in size using the “rule-of-
thumb” that the field penetrates as far into the shielded volume as the diameter of the 
opening. 
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5.3. The opening for the pump should consist of a series of smaller holes, <1cm diameter, with 
approximately 50% open volume covering the entrance to the pump. 

5.4. Covers for the open holes in the chamber shield should be provided for times when the 
electron spectrometer is not present.  The covers should include some smaller holes (1cm 
diameter) to allow pumping of the volume behind the cover. 

 
6. Mechanical Alignment: 
 
The electron TOF will be mechanically connected to the spool and detector flange.  In order to 
ensure alignment of the “nose” on the spectrometer with the interaction region it should be 
adjustable over a range of ±5mm in the two transverse directions.   
 
Design considerations: 

6.1. The actuator mechanism should be operable when the spectrometer is under vacuum. 
6.2. Actuation should be computer controlled to allow dynamic alignment of the spectrometer 

to the interaction region under operating conditions. 
6.3. Consideration should be given to the effect of one spectrometer running into an adjacent 

on during alignment.  Ensure that damage of the TOFs will not result from such an impact. 
6.4. Alignment will proceed via a step/stop/measure scan method with measurements lasting a 

user defined time.  The position of the spectrometer by the actuator should be sufficiently 
reproducible to return to the desired position (i.e. that of the maximum signal) after such a 
scan. 

6.5. The actuators should not introduce magnetic fields into the electron trajectory paths greater 
than the tolerance determined above. 

 
7. Controls: 
 
Each electron spectrometer has three areas where active controls are required: the XY alignment, 
voltages applied to the lenses and detector and the vacuum pump. 
 

7.1. XY Alignment: 
Each electron TOF is fitted with two actuators to achieve fine alignment of the nose of the 
TOF with the interaction region.  The actuators are stepper motors outside of the vacuum 
envelope of the spectrometer that drive a vacuum feedthrough to push the TOF assembly 
against a spring returning force. The TOF’s are mounted into the vacuum system on a two 
axis pivot near the detector end of the spectrometer that allows the nose (the end closest to 
the interaction region) to be positioned relative to the interaction region.  The control system 
should be able to step the position of the nose of the spectrometer with approximately 50 
μm steps across the range of motion. 
 

7.2. Voltages: 
The energy resolution of the electron TOF is ultimately controlled by the final kinetic energy 
of the electrons down the dispersive field free flight tube.  Electrons with high initial kinetic 
energies can be slowed by applying a retardation voltage to the flight tube.  The four 
additional lens elements in the TOF allow the energy of the electrons to be gradually 
decreased while refocusing their trajectories back towards the detector.  Voltages up to the 
highest kinetic energy expected for the electrons should be applied to the flight tube.  In the 
case of the LCLS, it is uncertain what that highest value might be, due to the possibility of 
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multiphoton ionization.  A reasonable compromise is to use voltages up to 5kV, which are 
readily handled by standard SHV connectors.  A 5kV retardation will allow 1s electrons 
ionized from Ne with up to seven photons to be retarded to near zero kinetic energy.  
 
Stability and ripple on the supplies should not exceed 100 mV to allow Auger electrons with 
linewidths on this order to be observed clearly. If a monochromator is implemented in the 
soft x-ray beamline, even higher stabilities might be required, ~10-20 mV.  Typically as the 
desired kinetic energy increases, the stability requirements are relaxed.  It might therefore be 
desireable to have two sets of lens power supplies, one for low retardations, say <1000V and 
the other for high retardations, up to 5000V. 
 
The detector is biases towards more positive voltages from the retardation voltage with 
voltages ranging up to +2500V plus the retardation voltage.  This presents a bit of a controls 
problem, as the +2500V is ideally floated on top of the  retardation voltage so that is no 
retardation voltage is used, the absolute voltage ranges up to +2500V but that when a 
retardation voltage of -5000V is used,  the absolute voltage on that back of the detector will 
be -2500V.  Additionally, either the detector supply must provide enough current to drive a 
resitive divider to provide the appropriate voltages for the MCP front, middle, back and 
anode, or four individual supplies programmed to the correct relative values must be used. 
 

7.3. Pumping: 
A turbo pump is fitted to the end of each electron TOF to increase the conductance of the 
pumping at the detector end of the TOF.  Each of these pumps can be vented back into the 
main chamber as they are only there to ensure sufficiently low vacuum at the detector.  The 
control system should integrate the starting and stopping of these pumps with the pumps on 
the main chamber.  It is not necessary to monitor the pressure at each TOF as the turbo 
pump will ensure that now pressure differential exists across the TOF. 

 
8. Data acquisition: 
 
Signal from the electron TOF’s is manifested as pulses of current striking the anode of the detector.  
The signal needs to first be decoupled from the high voltage which may be present on the anode 
through a capacitor.  The resulting pulses can be then be captured on standard electronics at ground 
and a time-of-flight electron spectrum is produced by plotting the number of electrons arriving as a 
function of time.   
 
In a high repetition rate, low peak brightness source such as a synchrotron, the signal is typically 
accumulated by measuring only the arrival time of the first electron following a flash of light, 
typically using a time-to-digital convertor or TAC and MCA.  So long as the signal rate is low 
relative to the pulse rate of the source, this is an adequate means of measuring the spectrum.  At a 
low repetition rate high peak flux source, such as the LCLS, however, this method will not work as 
many electrons are expected to reach the detector on each FEL pulse.  Not only will electrons of 
different kinetic energies arrive at the detector on the same shot (i.e. at different flight times), but 
multiple electrons of the same kinetic energy are expected to reach the detector.  To accommodate 
this possibility a time and amplitude measurement must be carried out. Temporal resolution on the 
order of 100ps is required of the data acquisition system to match the performance of the electron 
TOF optics.   
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Figure 4: Single-shot time-of-flight electron spectra for Ar measured at the FLASH FEL using 32nm FEL radiation.  
Report in (H. Thomas 2006). 
 
A solution has been developed using a fast waveform digitizer (essentially as fast single trace 
oscilloscope) that can be read out at 120Hz, allowing spectra to be measured for individual LCLS 
pulses.  This capability of measuring spectra for individual pulses is important when considering the 
analysis of the data, since the LCLS is not expected to provide a very stable source.  Individual 
spectra can then be “binned” together with spectra from LCLS pulses with similar characteristics, i.e. 
the same peak intensity, or focal properties, or central wavelength, or… to synthesize a spectrum 
with adequate statistics.  An example of single shot time-of-flight electron spectra measured at 
FLASH is shown above in Figure 4. 
 
The data acquisition system should therefore be able to accumulate and store waveforms for each of 
the five spectrometers on a shot-by-shot basis with user definable delays, accumulation times, gains, 
and step sizes.  Off-line software should then be available to analyze the data by combining 
waveforms from similar shots and eventually converting the flight times to kinetic energies using a 
formula determined by the user. 
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