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Introduction: 

 
The AMO instrument is an experimental end-station designed to use photons from the 

LCLS to conduct research in atomic, molecular and optical physics.  The instrument is functionally 
divided into several different components, many of which contain further subsystems as described 
in Physics Requirements for the XES Atomic Physics End-Station, PRD 1.6-008.  Briefly, the six 
primary components of the instrument are the 

1. Differential Pumping 
2. Focusing Optics 
3. High-Field Physics End-Station 
4. Diagnostics Section 
5. Particle Imaging End-Station 
6. Laser System 

Typically four or five of the components would be used in an experimental run, with either the 
High-Field Physics or Particle Imaging end-stations in use while the other is stored off-line and the 
laser either used or not, depending upon the experimental requirements. 
 
 A typical experimental run would last anywhere from a few days to several weeks and consist 
of the following steps, although some flexibility will be required: 

1. Bring system into “operational” state from “idle” state by opening valves in beam path, 
positioning chambers and mirrors into nominal “home” positions and requesting LCLS 
beam. 

2. Alignment of the instrumentation using the LCLS beam, fluorescent screens and video 
cameras to ensure clear passage of the beam through the system to the appropriate beam 
stop. 

3. Optimization of the refocusing optics using either a wave-front analyzer or some other 
diagnostics which might require further iterations with step 1. 

4. Delivery of laser beam of desired wavelength, power, etc. to the interaction region. 
5. Start-up of the spectrometers and sample source in the end-station by applying voltages, 

gas pressure, etc. 
6. Signal optimization through sample source and spectrometer alignment, tuning of 

electrostatic elements and refocus optics, and laser alignment/optimization. 
7. Data acquisition and optimization monitoring, with further signal optimization as 

necessary. 
8. Shut-down by stopping LCLS pulses, isolating vacuum systems, ceasing sample injection, 

de-powering spectrometers, and returning system to “idle” state. 
 

Data acquisition will involve collecting signals from the operational spectrometers on a 
pulse-by-pulse basis while monitoring various states of the LCLS, such as the electron pulse charge, 
energy, focusing, etc. and storing the data for subsequent processing.  Real-time data 
analysis/visualization will be important for ensuring proper operation of the experimental apparatus 
but the raw data should be preserved if possible for later experiment reconstruction, filtering and 
analysis.  Sparsification of the data may be carried out before storage, but conservative threshold 
criteria should be determined and the option of retaining full waveform or image data retained. 
Details will be discussed in greater detail in the data acquisition section. 
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The data should be archived to a remotely accessible storage system where it resides until 
explicitly deleted.  Ideally, rather than being completely deleted, the data should be moved offline on 
some removable media and retained indefinitely if it is not cost prohibitive to do so.  Data rates and 
storage requirements will be considered in greater detail in the data management section of the 
document. 
 

In keeping with Hamid’s description of the controls as a three-part system with Controls, 
Data Acquisition and Data Management, I have divided the remainder of this control system 
description of the AMO instrument into these three categories. 
 
A. Controls: 
 

There are several aspects to the controls for the AMO end-station: vacuum, position and 
alignment, bias voltages, and configuration; all spread across the various components of the 
instrumentation.  Controls are discussed in detail for each component below. 

 
1. Differential Pumping: 
 
The differential pumping protects the vacuum in the LCLS front-end enclosure from contamination 
by the experimental samples and also isolates the experimental vacuum system from the LCLS 
front-end.  It is comprised of two ion pumps with a pair of small apertures (about 5mm opening) on 
either end.  Because of the small sizes and long lengths of the apertures, alignment of the clear 
aperture of the device to the photon beam will be an important first step in the operation of the 
AMO end-station. The positions of the axes of motion should be recorded for future reference. 
Pressures should be monitored and interlocked to upstream and downstream valves as part of the 
machine protection system.  Ion pump currents should also be monitored and recorded as a further 
diagnostic. 
 
A viewing paddle in front of the apertures of the differential pumps should be viewed by a camera 
and used to ensure the beam is centered in the pump.  A similar viewing system on the next object 
downstream, the focusing optics, can be used to ensure that the beam is exiting the pump cleanly (i.e. 
not reflecting off the surface of the aperture). 
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2. Focusing Optics: 
 
The focusing optics are comprised of two plane-ellipse mirrors in a Kirkpatrick-Baez configuration 
with radii that can be changed via linear actuators.  Bench testing of the radii produced by various 
setting of the actuators will produce a look-up table of radius versus actuator position for each 
mirror and used to set the initial desired radius.  Further adjustments will be made using slow 
feedback from 1) a wavefront sensor or other means of measuring the beam focus optically and/or 
2) signal from the experimental detectors.   
The alignment of the mirrors, and in particular their angles, are also critical to their focusing 
properties.  They will nominally be set to an angle of 15 mrads to the beam (for a total reflected 
angle of 30 mrads = 1.7º) but small adjustments will be necessary to adjust the focal properties of 
the mirrors. 
 
For some experiments it will be necessary to completely remove the mirrors from the beam, 
preferably by translating the vacuum tank in which they are mounted.  In this case it will be 
important to ensure that the beam passes clearly through the tank and does not intercept any 
materials at normal incidence. 
 
The vacuum in the optics tank will be maintained by an ion pump, monitored with an interlocked 
gauge with all parameters logged with some long time constant (~1min).  A viewing paddle and 
camera will be positioned to view the beam entering the optics chamber to ensure proper alignment. 
 
3. High Field Physics End-Station: 
 
The high field physics end-station will contain many axes of motion, valves, voltages, etc. and is 
considerably more complicated than the other pieces of the system.  It perhaps makes sense to 
consider the different pieces of the system separately. 
 
 Mechanical & Vacuum: 
 
The chamber will be preceded by a small differential pumping section with a turbo pump.  A beam 
viewing paddle and camera will be used to image the front of the differential pumping tube to align 
the chamber to the beam.  The chamber will have to move in X, Y, pitch and yaw, as the differential 
pumping does, but should have a wide range of motion to accommodate the insertion and removal 
of the optics.  The position of the beam will change by 30mm at a position 1m downstream of the 
optics when they are inserted/removed.  The best alignment strategy is to align the upstream 
aperture in X&Y to the beam and then pitch and yaw the chamber around that point to align the 
back end of the chamber. 
 
The chamber will be pumped by a turbo pump backed by a dry (oil-free) mechanical pump with a 
blower for high throughput (a cryo-pump may also be added).  The section upstream of the 
differential pumping tube will also have a small turbo to establish the pressure differential.  All of 
the turbo pumps will have gate valves on their input sides and interlocked valves on the output to 
the primary pumps.  The control system needs to manage the pumps and valves to prevent damage 
to the pumps, safely pump-down and vent the system, and monitor the performance of the pumps 
over time.   
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Controls Requirements: 
• Stepper motor controllers for X, Y, pitch and yaw alignment of chamber 
• Turbo and backing pumps – monitor, start-up, vent 
• Gate valves and interaction with MPS 

 
3.2. Sample Gas Source: 
 
Gas sample is injected into the experimental apparatus through a pre-aligned skimmer via a pulsed 
piezo-electrically operated valve nozzle.  The nozzle will be mounted on a translation stage to 
properly align it with the skimmer/interaction region.  The sample source chamber can be isolated 
from the main chamber by a gate valve and will be separately pumped by a large capacity 
magnetically levitated turbo pump backed by a large mechanical pump and blower.  A manifold with 
automated pressure control and shut-off valves will be used to connect the gas supply to the pulsed 
nozzle. 
 
Controls Requirements: 

• Turbo and backing pumps – monitor, start-up, vent 
• Valves – interlock, user configuration 
• Pressure – monitor & control, atmosphere – 10-8 Torr 
• Nozzle alignment – stepper motors 
• Pulsed valve (piezo electric) – opening time & duration, 1kV pulser 

 
 
3.3 Electron Spectrometers: 
 
Five electron spectrometers will be arranged around the interaction region to measure the kinetic 
energy and angular distribution of electrons generated by the interaction of the LCLS pulse with the 
sample.  Each spectrometer consists of five electrostatic elements with a microchannel plate detector.  
The spectrometers will be used to measure the time required for an electron to reach the detector 
with ~100ps resolution.  The spectrometers will be mounted on tip/tilt stages to facilitate alignment 
with the interaction region.  A small turbo pump will be mounted on each spectrometer to maintain 
low pressure a the detector. 
 
Each of the five spectrometers will require: 

• Two stepper motor controls for alignment 
• Five power supplies 0 to -5000V with <0.1V ripple, digitally controlled – interlocked to 

vacuum 
• Bias power supply for detector,  up to +6 kV floating on retarding voltage (0 to -5kV) –

interlocked to vacuum 
• Turbo pump control, valve interlock 

 
3.4 Ion Spectrometers: 
 
Three different ion spectrometers will be used at different times, but will use a common set of 
power supplies for the lens voltages and detector biasing.  To be able to use the spectrometers, 
which require an electric field for extraction of the ions, in conjunction with the electron 
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spectrometers, which require a field free interaction region, a fast rise time high voltage pulse will be 
used to extract the ions to the detector. 
 
Controls Requirements: 

• Several (2-4 tbd) power supplies 0 – 2kV with <0.1V ripple 
• Pulsed high voltage extraction supply – up to 2 kV with fast rise time (<100ns), and fast 

decay – interlocked to vacuum 
• Bias supply for detector, up to +6kV floating on acceleration voltage – interlocked to 

vacuum 
 
3.5 X-ray emission spectrometers: 
 
The x-ray emission spectrometers are not yet completely defined, but regardless of their design, 
there will be common requirements.  They may be located on either the high-field physics chamber 
or on the diagnostics chamber, depending upon the experimental requirements. 
 
Control Requirements: 

• Bias supply for detector, up to 4kV – interlocked to vacuum 
• Stepper motor controls for grating angle/detector position (several) 
• Turbo pump control, valve interlock 

 
4. Diagnostics Chamber: 
 
The diagnostics chamber will contain several instruments to measure spectral and temporal 
properties of the LCLS pulse.  It should be a stand alone instrument that can be operated 
independently of the experimental chambers and may eventually be used in other hutches. 
 
 Mechanical and Vacuum: 
 
The diagnostics chamber will have the same controls requirements as the high-field physics chamber 
with perhaps even greater range of motion for alignment with optics in and out since the chamber 
will presumably be further downstream.  A turbo-pump based differential pumping section will also 
be used for this chamber to isolate its vacuum from the upstream experimental chamber. 
 
Controls Requirements: 

• Stepper motor controllers for X, Y, pitch and yaw alignment of chamber 
• Turbo and backing pumps – monitor, start-up, vent 
• Gate valves and interaction with MPS 

 
 Sample Gas Source: 
 
The gas jet will be similar to that used in the high-field physics chamber although it might be 
somewhat simpler in design.  The same requirements apply as those listed in section 3.2. 
 
 Magnetic Bottle Electron Spectrometer: 
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The magnetic bottle electron spectrometer functions much like the electron TOF’s in the high-field 
physics chamber but uses magnetic fields to increase the acceptance aperture of the spectrometer, 
resulting in a larger signal.  It will probably be somewhat longer than the electron TOF’s and be 
fixed. 
 
Controls Requirements: 

• 3-stepper motor controls to position permanent magnet 
• High current power supply to provide solenoid magnetic field 
• Hall probe to monitor magnetic field 
• Several high voltage supplies (0 – -5kV) with <0.1V ripple, digitally controlled, interlocked to 

vacuum 
• Bias supply for detector, up to 4kV – interlocked to vacuum 
• Turbo pump control, valve interlock 

 
 Beam Diagnostics: 
 
Beam diagnostics will be provided by fluorescent screens imaged by video cameras, and using a 
Shack-Hartmann type wavefront sensor.  The screens should ideally be partially transparent to 
permit viewing the pulse on two or more screen simultaneously and be removable from the beam 
path.  The wavefront sensor will need to be developed in conjunction with Imagine Optic, a French 
company which produces the x-ray Shack-Hartmann sensor.  The wavefront sensor could be in 
front of or behind the total pulse energy monitor, but would need to be retractable is positioned 
before the pulse energy monitor. 
 
Controls Requirements: 

• Stepper motors to position fluorescent screens 
• Controls for Shack-Hartmann wavefront sensor 
• Stepper motors to position wavefront sensor (if retractable) 

 
 Total Pulse Energy Monitor 
 
A bolometer will be used to measure the total energy of the pulse through the temperature rise of a 
piece of silicon intercepting the beam.  The bolometer will be similar (identical?) to the one being 
designed by the XTOD group for the FEE diagnostics. 
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Controls Requirements: 

• Stepper motor to position detector 
• Control of the chiller for ambient temperature control 

 
5. Particle Imaging End-Station 
 
A second experimental end-station is proposed for particle imaging experiments.  It has not yet been 
well defined other than to be similar to the high-field physics end-station with less instrumentation.  
A similar vacuum system and sample source would be used to inject clusters or large molecules into 
the interaction region, with an ion spectrometer and possibly an electron spectrometer to monitor 
the interaction of the LCLS pulse with the sample.  An imaging detector would be used to measure 
the x-rays scattered or diffracted by the sample.  A direct imaging CCD could be used so long as it 
had a central hole for the beam to pass through and large enough area to sample adequate angular 
space.  Alternatively a MCP amplified fluorescent screen imaged externally with a CCD camera 
could be used to image the weak scattered radiation.  
 
The laser would often also be used in the particle imaging experiment to produce a time-evolving 
state in the sample.  The relative arrival time of the laser and FEL pulse would become an important 
parameter in this case. 
 
6. Laser: 
 
The laser will be distributed between the upstairs laser room and the experimental floor.  An 
appropriate system to control the laser and laser safety equipment should be provided.  The laser 
timing, intensity, polarization, etc should be under control of the control system to allow for 
appropriate scans and optimizations.  Alignment of the laser to different locations in the 
experimental apparatus will be done by hand, adjusting optics and configuring laser safety shields.  
At the point where the laser enters the experimental apparatus, however, (usually through a vacuum 
window) a pair of computer controlled mirrors in a periscope-like arrangement will be used to gain 
fine control of the position and angle of the laser beam in the interaction region.  Scans as a function 
of the beam position will be performed as a part of the set-up/optimization procedure to determine 
the best position for the laser beam in the experimental apparatus.   
 
B. Data Acquisition 
 
All data acquisition will run at the pulse frequency of the LCLS.  Data averaging in the detectors will 
not be acceptable due to the expected chaotic nature of the LCLS pulses.  Where the detector is 
single channel, with the signal usually measured as a function of time after the pulse, this should be a 
relatively easy task.  Where two dimensional detection is required, however, (i.e. image acquisition) 
this is expected to be somewhat more complex. 
 
In addition to data from the instruments within the AMO experiments, some data from upstream 
components of the LCLS and XTOD will be required on a pulse-by-pulse basis.  From the LCLS 
electron beam diagnostics it would be useful to know the electron beam energy and current of the 
pulse.  In addition, information about the electron pulse duration, position and angle through the 
undulators would be useful to correlate with the observed photon beam position.  From XTOD the 
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results from the gas pulse energy detectors should be provided to the data acquisition system on 
every pulse.  At slower rates the positions of the slits, gas pressures in the attenuator and gas 
detectors, etc. should be available to the control system and data archiver. 
 
1. Electron Time-of-Flight detectors: 
 
 
The electron time-of-flight detectors measure the arrival time of electron(s) at the detector relative 
to their liberation in the photoionization event.  The flight time of the electron, t, is related to its 
kinetic energy, Ek, through the usual equation 

2

2
2

2
1 1

2 t
mlmvEk ×== , where l is the flight path length.  Experiments are performed by measuring 

the flight time of the electrons from the interaction region where they are created to the detector.  In 
the extremely intense LCLS pulse multiple ionization event are expected for each shot.  This 
complicates the data acquisition scheme since multiple electrons with the same kinetic energy may 
be created by the LCLS pulse and hence arrive at the detector simultaneously.  The detector 
electrons therefore need to have multiple levels, not just the simple binary scheme that is typically 
used in synchrotron electron time-of-flight experiments.  Instead, a high speed digitizer will have to 
be used to capture the signal from the detector and attempt to determine the number and arrival 
times of the electrons through some simple algorithm to be determined later.  The characteristics of 
the high speed digitizer and the data format are outlined below. 
 
The detector will be a multichannel plate (MCP) stack amplifier followed by a metallic anode.  Two 
or three MCP’s can be arranged in a chevron or Z-stack to provide either an unsaturated or 
saturated gain respectively. The dual MCP stack typically amplifies the incoming pulse by 106 while 
the triple stack provides 108 amplification. The anode is typically at several kV potential, and the 
signal is capacitively decoupled from the high voltage.  The resulting pulse from a single electron 
incident upon a dual MCP detector stack typically has a temporal profile as given in the figure below.  
The signal can be passed through fast amplifiers to increase the amplitude by 10x – 100x, depending 
on the requirements of the downstream electronics. 
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Figure 1: Example of the waveform from an electron detector resulting from a single electron incident on the 
surface of a dual stack MCP detector. 
 
The kinetic energy resolution, ΔE/E, is related to the time resolution through: 

222 22
⎟
⎠
⎞

⎜
⎝
⎛ Δ+⎟

⎠
⎞

⎜
⎝
⎛ Δ

+⎟
⎠
⎞

⎜
⎝
⎛ Δ

=
Δ

λ
λ

l
l

t
t

E
E , so to achieve a resolution of 1 part in 1000 (the photon 

resolution of the FEL beam) requires at least 1:2000.  The typical flight time of an electron is several 
hundred nanoseconds, so the required temporal resolution is about 100ps over a time window of 
about 1μs, for a total of ~10Kpnts per spectrum.   
 
The digitized waveform will represent a single-shot electron time-of-flight spectrum and consist of 
voltage measurements of the waveform at the digitizing rate of the acquisition hardware.  Examples 
of such spectra from the FLASH facility in Hamburg are shown below (from a presentation by 
Christoph Bostedt – without permission).  The spectra of atomic argon and clusters of 917 and 
12000 atoms are single shot spectra over a range of 500ns obtained with λ=32nm pulses.  The 
atomic spectrum, in the top panel, exhibits two primary lines corresponding to the two spin-orbit 
split Ar 3p levels.  The cluster spectra are more complicated, exhibiting considerably more structure.  
In all three cases, a significant portion of the spectrum consists of zeros, but there is some risk in 
setting a threshold value too high and neglecting to store some of the signal in the data file.  If the 
data burden is not too great, it would probably make sense to store each entire waveform rather than 
trying to filter it. 
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Figure 2: Single-shot time-of-flight electron spectra for Ar measured at the FLASH FEL using 32nm FEL radiation. 
 
The 10bit 8GS/s digitizer boards from Acqiris are capable of achieving the required specifications, 
although a single board will need to be dedicated to each time-of-flight channel in order to achieve 
the 100ps temporal resolution.  Further information about the digitizers can be found at 
http://www.acqiris.com/products/digitizers.  The base memory on the DC222 single channel board 
is capable of acquiring 1024kpnts, enough for 128μs at 8GS/s, more than adequate for this 
application. 
 
The digitizer boards will be triggered by a pulse from the event receiver that is delayed an 
appropriate amount from the primary trigger to correspond to the arrival of the FEL pulse in the 
experiment’s interaction region.  Jitter on the order of one time channel, or ~100ps, will not have a 
serious impact on the data. The delay may be varied to zoom the time window into a particular 
region, so should be an easily changed variable.  The delay value is typically set to something close to 
the desired value and then set empirically though examination of the data. 
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Spectra will be grouped according to specific criteria, summed, displayed and potentially stored 
and/or analyzed.  The sorting criteria may be changed at later times, so all raw spectra should always 
be saved except for those rejected by some independent criteria.  Save/Reject criteria will be 
something like whether or not the LCLS lased on a given shot.  Binning criteria will be things like 
power density, wavelength, etc.  Below is an example of the same Ar photoelectron data as 
illustrated above binned (or averaged) on the basis of the laser power density.  Three different power 
levels are used, 6.23×1013, 4.21×1013 and 1.18×1013 W/cm2 from top to bottom respectively for 
spectra from the 917 Ar atom clusters. 
 

 
Figure 3: Summed (averaged) spectra for 917 atom Ar clusters obtained with λ=32nm pulses from FLASH. 
 
Five electron spectrometers will be used in the high-field physics end-station and each will 
eventually require an individual 8GS/s digitizer.  The diagnostics chamber will also have a magnetic 
bottle electron time-of-flight spectrometer that will have the same detector requirements although 
with different operating parameters (i.e. maximum duration, trigger delay, etc.). 
 
2. Ion Time-of-Flight Spectrometer (Wiley McLaren type): 
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The ion time-of-flight spectrometer acquires data using the same principle as the electron time-of-
flight spectrometers; a signal is acquired as a function of time following photoionization of the 
sample by the FEL radiation.  In the case of the ion TOF, the flight time is proportional to the 
square root of the mass-to-charge ratio, m/q, of the ion.  The flight time for ions is considerably 
longer than it is for electrons (depending entirely on the length of the flight tube and the accelerating 
voltages used), and subsequently, less temporal resolution is required from the digitizing electronics.  
Flight times of up to 1ms should be accessible with the electronics, although in most situations, 
much shorter flight times will be necessary.  Temporal resolution of 0.5ns should be sufficient. 
 

 
Figure 4:  Ion time-of-flight spectra for Ar atoms and clusters measured with 2×1013 W/cm2 of 32.5 eV FEL 
radiation. 
A further complication arises when we want to use the electron and ion spectrometers at the same 
time.  A high voltage pulse must be applied to the interaction region at some time (on the order of 
100ns) after the FEL pulse photoionizes the sample.  Electrons will quickly depart the interaction 
region while no electric field is present.  Ions, which move much more slowly, will remain in the 
interaction region in the absence of electrostatic repulsion arising from high charge densities, and 
can be swept out into the ion spectrometer with a high voltage pulse.  A delayed trigger must 
therefore be implemented for the pulse generator. 
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3. Ion Imaging Spectrometer: 
 
The imaging ion spectrometer measures the momenta of ions by imaging the intersection of the 
expanding sphere of ions with the flat detector.  The image consists of rings of intensity 
corresponding to the velocity of the ions (with ions expanding faster producing the larger radius).  
Differences in the angular distribution of intensity for a given ring radius correspond to propensities 
for the ions to go in one direction preferentially.  An example image is given below for HI 
photoionization with a laser. 
 

 
Figure 5: Example of an ion image acquired from an ion imaging spectrometer.  On the left is the raw data as 
measured by the camera and on the right is the data analyzed using the inverse Abel transform method to remove the 
background intensity arising from ions ejected in directions parallel to the spectrometer. 
 
Images are obtained by placing an MCP amplifier with fluorescent screen at the end of the 
spectrometer as a detector.  An example of such a detector is shown below.  The ions would strike 
the detector from the top.  The MCP’s are shown in green followed by a fluorescent coating on a 
vacuum window shown in grey in this sketch.  Outside the vacuum envelope (below the sketch) a 
camera images the light on the fluorescent screen onto the digitizing device (typically a CCD).  A ≥1 
mega pixel camera is typically used to provide sufficient image resolution. 
 

 
Figure 6: Sketch of the detector used to measure ion images.  See text for description. 
 
Ion imaging spectrometers have been used extensively in laser photoionization experiments and to a 
lesser extent using synchrotron radiation.  In synchrotron applications, the photoionization source is 
essentially CW and the camera is read at the speed of the CCD.  For laser applications, the laser is 
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either treated as a CW source and operated at the inherent frequency of the laser OR run at the 
frequency of the camera’s frame rate. 
 
For application at the LCLS it will be important to acquire an image for each LCLS pulse, requiring 
either a camera that can run at the 120Hz of the LCLS, or less optimally, suppression of some of the 
LCLS pulses to achieve a frequency of 30 or 60 Hz to match the camera’s maximum frequency.  
CMOS imagers might be an appropriate solution, providing high frame rates at the expense of 
dynamic range and noise floor.  Since the image is acquired for each shot and all of the signal 
reaches the detector in <1ms, the detector need be active for only a short period, which should 
reduce noise contribution to the signal.  Ions impacting the front of the MCP are amplified to 
approximately 106 electrons which strike the fluorescent screen in the detector resulting in good 
signal strength for each incidence ion. 
 
4. Ion Momentum Spectrometer: 
 
The ion momentum spectrometer combines the characteristics of the two ion spectrometers 
described above to achieve the highest level of information about the photoionization process by 
measuring both the time-of-flight of the ion and the position where it strikes the detector thereby 
uniquely determining the momentum of the ion.  This measurement is accomplished through the 
use of a unique detector, the delay-line anode, where the position of impact of a charged particle is 
determined by the time-of-propagation of the signal along two or three sets of crossed helically 
wound wires as illustrated below.   
 

 
Figure 7: Operating principle of the delay-line anode. 
 
The position resolution depends upon the time resolution of the digitizer used to measure the delay 
time on the anode wires.  A time resolution of at least 250ns is desired for each channel.  A hex 
anode, with three sets of delay-line wires wound at angles separated by 60º, requires six timing 
channels for the anode wires (one for each end of each wire) plus an additional channel to measure 
the ion time-of-flight, for a total of seven.   
 
The detectors are inherently single or few simultaneous particle detectors owing to their mode of 
position determination.  Too many signals on the anode wires would prove difficult to disentangle 
and determine a unique position for the event. Initial operation using time-to-digital converters is 
envisioned with a possible future upgrade to fast digitizers or multihit capable TDC’s with very low 
deadtime (<1ns). 
 
5. Fluorescence Spectrometers: 
 
Dispersed x-ray fluorescence from the atomic sample can be measured using a x-ray emission 
spectrometer.  The spectrometer is essentially a spectrograph for x-rays and uses a grating to 
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disperse the x-rays remitted by the sample onto a detector.  Depending upon the design, the detector 
is either a CsI coated multichannelplate (to improve sensitivity to x-rays) intensifying the image onto 
a phosphor screen that is imaged with a camera, or a back illuminated CCD chip that is used to 
measure the x-rays directly.  The position of the x-ray intensity on the image corresponds to its 
wavelength.  Depending on whether a spherical or plane grating is used, x-rays of the same 
wavelength lie either on an arc or along a straight line.  The choice of the grating geometry will be 
driven by the availability to commercial instruments that meet the requirements of the experiments.   
 

 

 
Figure 8: Examples of curved and straight line images from soft x-ray spectrometers using spherical and plane 
gratings respectively. 
 
Images would typically have to be acquired for each shot, since it will be detrimental to sum over 
multiple shots if the position, energy, intensity, etc. of the beam is changing on a shot by shot basis.  
It would not be necessary to store the entire image on each shot, only the intensity integrated along 
the non-dispersive axis (vertical in the images above in Figure 8).   In the case of the curved lines, an 
appropriate data reduction algorithm would need to be determined.  As in all cases of image 
acquisition, a mechanism for saving complete images, even if not at the full rate of 120 Hz, should 
be provided for diagnostic and instructional purposes. 
 
6. Magnetic Bottle Spectrometer: 
 
The magnetic bottle spectrometer in the diagnostics chamber is a time-of-flight electron 
spectrometer similar to those outlined above.  The main differences are the inclusion of magnetic 
fields to direct electrons towards the detector irrespective of the direction of their initial momentum 
and the increased length of the flight tube.   
 
A single channel of 8 GS/s digitizer will be used to collect the data from the magnetic bottle 
spectrometer.  The higher collection efficiency of this spectrometer relative to the standard electron 
TOF’s will result in higher signal rates, so a high bandwidth digitizer will be especially important to 
the successful operation of the spectrometer. 
 
7. Beam Diagnostic Screens: 
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Figure 9: Example of the image of the beam on a fluorescent screen (actually from XTOD beam viewer 
description). 
 
Two semitransparent fluorescent screens will be used to monitor the beam size and position in the 
diagnostics chamber, one meter or more downstream of the interaction region in the high field 
physics chamber.  The beam sizes on the two screens will be related to the focal properties of the 
FEL focusing optics through a simple geometric relationship.  A 2-D detector (camera) will be used 
to image the screens on a single shot basis.  For alignment, full images would be required to be 
displayed to allow alignment of the screen to the beam to allow the beam to pass through the 
thinned part of the silicon nitride window. In acquisition mode, the data can be reduced to a 
centroid position, peak intensity, integrated intensity and X&Y intensity distributions all determined 
and stored shot-by-shot.  It is not clear whether or not the screens would be used when taking 
experimental data as they would preclude the use of the bolometer to measure the pulse energy. 
 
A thin layer of <1 μm of YAG deposited on a <1μm silicon nitride membrane would provide a 
window with ~90% transmission over 800-2000 eV.  With 10% absorption and 50% quantum 
efficiency, about 1011 visible fluorescence photons per shot will be generated at each screen.  If ~1% 
of that light is imaged onto a CCD or CMOS with 10% efficiency, ~107 photons will be imaged per 
shot.  The screens, fitted to an XYZ manipulator can be positioned in the beam and viewed through 
a viewport by a camera.   
 
8. Total Pulse Energy Monitor: 
 
The total energy of the FEL pulse can be measured after the AMO experiment since the target is so 
“thin” or transparent.  A total energy monitor beamstop at the end of the diagnostics chamber will 
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be used to measure the total energy in each FEL pulse.  The monitor will be retractable for 
calibration purposes so an additional fixed beamstop will also be provided.  A bolometer has been 
designed by the XTOD group for use in the FEE diagnostics suite (see PRD 1.5.-009-r0 and 
subsequent documentation for further details) and we intend to copy their design and duplicate it in 
the AMO diagnostics. 
 

 
Figure 10: Temperature response of the bolmeter (in K) at diffrent ambient temperatures (100K, 150K & 200K). 
 
The bolometer is essentially a thin piece of silicon that is maintained at a low temperature (~100K) 
with a thermistor fixed on the back side of the material.  An incoming FEL pulse deposits its energy 
in the material causing its temperature to rise, which is measured by the thermistor sensor.  With 
thin enough material the temperature re-equilibrates before the next FEL pulse.  Data acquisition is 
therefore carried out by digitizing the waveform from the RTD – something that could be sampled 
at a ~100 MHz for ~1msec – to determine the rate of rise of the temperature following the 
absorption of the FEL radiation and which is related to the total energy in the pulse. 
 
9. Wavefront Sensor: 
 
The ideal photon beam diagnostic would be a wavefront sensor that measures the shape of the 
wavefront of the FEL pulse diverging from the focus in the interaction region.  It should then be 
possible to determine the size, shape and position of the FEL beam focus in the experimental 
chamber on a shot-by-shot basis.  This information, combined with an approximate measure of the 
total energy would give the peak intensity of the FEL pulse in the interaction region, the most 
desirable diagnostic parameter for the AMO experiments. A commercial wavefront sensor for x-ray 
radiation is available form Imagine Optic, but it remains a research project within the company 
according to their people. 
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Figure 11: Diagram of the Shack-Hartmann x-ray wavefront sensor from Imagine Optic. 
 
The wavefront sensor is a Shack-Hartman detector which samples the wavefront at many locations 
across the beam using a pinhole array to image the beam onto a detector.  Measuring distortions of 
the resulting image allows the instrument to determine the shape of the wavefront.  The detector is a 
CCD with considerable image processing required for each shot to determine the wavefront.  A 
faster CCD would be required to achieve 120Hz operation.  The pinhole array might be able to be 
used as a bolometer to determine the pulse energy with some redesign of the instrument. 
 
10. Imaging CCD: 
 
An imaging system is required for the particle imaging experimental chamber that can be read on a 
pulse-by-pulse basis.  It is of course possible to operate at a lower pulse frequency at the expense of 
duty cycle if a camera cannot be found to operate at 120 Hz. Images from the camera will need to be 
saved and later summed with images from comparable shots where the FEL pulse had a similar 
intensity (focus and power) and the sample was of a comparable nature.  Following data 
filtering/summing, the images would be processed to determine scattering angles of the radiation. 
 


