


 

ESD AMO DAQ 1.6-109 V0                                                                                 Check the LCLS Project website to verify  
                                                                                                   that this is the correct version prior to use. 
2 of 22                              

Table of Contents
Chapter 1: Introduction .................................................................................................. 3 

1.1 Software Infrastructure ..................................................................................................... 3 
1.1.1 Configuration ............................................................................................................. 4 
1.1.2 Calibration .................................................................................................................. 4 
1.1.3 Acquisition .................................................................................................................. 4 
1.1.4 Processing ................................................................................................................. 4 
1.1.5 Monitoring................................................................................................................... 5 
1.1.6 Storage ....................................................................................................................... 5 
1.1.7 Analysis (off-line) ....................................................................................................... 5 

Chapter 2: Instruments ................................................................................................... 6 
2.1 Electron Time-of-Flight Spectrometers........................................................................... 6 

2.1.1 Signal Description ..................................................................................................... 6 
2.1.2 Data Acquisition Hardware ...................................................................................... 7 
2.1.3 Data Acquisition Software ........................................................................................ 9 

2.2 Ion Time-of-Flight Spectrometer...................................................................................... 9 
2.2.1 Signal Description ..................................................................................................... 9 
2.2.2 Data Acquisition Hardware .................................................................................... 10 
2.2.3 Data Acquisition Software ...................................................................................... 10 

2.3 Ion Imagining Spectrometer ........................................................................................... 11 
2.3.1 Signal Description ................................................................................................... 11 
2.3.2 Data Acquisition Hardware .................................................................................... 12 
2.3.3 Data Acquisition Software ...................................................................................... 12 

2.4 Ion Momentum Spectrometer ........................................................................................ 12 
2.4.1 Signal Description ................................................................................................... 13 
2.4.2 Data Acquisition Hardware .................................................................................... 14 
2.4.3 Data Acquisition Software ...................................................................................... 14 

2.5 Magnetic Bottle Electron Time-of-Flight Spectrometer .............................................. 15 
2.5.1 Signal Description ................................................................................................... 15 
2.5.2 Data Acquisition Hardware .................................................................................... 15 
2.5.3 Data Acquisition Software ...................................................................................... 16 

2.6 X-ray Emission Spectrometer(s) ................................................................................... 16 
2.6.1 Signal Description ................................................................................................... 17 
2.6.2 Data Acquisition Hardware .................................................................................... 17 
2.6.3 Data Acquisition Software ...................................................................................... 18 

2.7 Pulse Energy Monitor ..................................................................................................... 18 
2.7.1 Signal Description ................................................................................................... 19 
2.7.2 Data Acquisition Hardware .................................................................................... 19 
2.7.3 Data Acquisition Software ...................................................................................... 19 

2.8 Beam Profile Screens ..................................................................................................... 20 
2.8.1 Signal Description ................................................................................................... 20 
2.8.2 Data Acquisition Hardware .................................................................................... 20 
2.8.3 Data Acquisition Software ...................................................................................... 20 

Chapter 3: Common Diagnostics ................................................................................ 22 
 



 

ESD AMO DAQ 1.6-109 V0                                                                                 Check the LCLS Project website to verify  
                                                                                                                            that this is the correct version prior to use. 
3 of 22                              

Chapter 1: Introduction

Data acquisition for all experiments at the LCLS will be based on the 120Hz (or lower rate) x-
ray pulses from the FEL. The design of the data acquisition system for the AMO instrument is 
based on the assumption that a complete data set must be acquired on each shot or pulse of FEL 
radiation. The experimental data can later be combined or binned into sets based on similarities 
in the properties of the LCLS pulse that they are derived from and thus improve the statistical 
quality of the data set. Data from each pulse should be preserved for later analysis using different 
binning criteria. It will also be possible to associate data from diagnostics instruments in the 
AMO chamber as well as upstream linac and FEL diagnostics with data from the scientific 
instruments for each individual pulse, forming the basis of the criteria used to bin and/or reject 
the data for each shot. 
There are eight different types of scientific and diagnostic instruments in the AMO instrument 
that need to be read on a shot-by-shot basis: 

• electron time-of-flight spectrometers 
• ion time-of-flight spectrometer 
• ion imaging spectrometer 
• ion momentum spectrometer 
• magnetic bottle electron time-of-flight spectrometer 
• x-ray emission spectrometer(s) 
• pulse energy monitor 
• beam profile screens 

Descriptions of the data expected from each instrument along with the instrumentation and 
software requirements for data acquisition and preliminary data analysis are provided below. 
 
New experimental techniques will be developed over time based on experience gained in the 
initial operations of the LCLS.  All data acquisition and processing software should be designed 
to readily accommodate this future expansion/modification.  The low-level data acquisition and 
processing routines are not likely to change, but higher level functions are more likely to require 
modification to accommodate new ideas and new experimental techniques. 

1.1 Software Infrastructure 
Software will be required to acquire, process, monitor, and store the data from the detectors in 
real time. Additional software will be utilized to analyze the data off-line. 
Data processing and analysis needs will evolve with time as the experimenters gain more 
experience with the LCLS AMO instrumentation. Software needs to be modular to accommodate 
changes and additions. 
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As new and faster imaging chips become available, they will be implemented into the data 
acquisition system. Most of the software infrastructure will be written to be independent of the 
particular hardware used. 
It is difficult to completely pre-determine the algorithms that will be most useful in analyzing 
and sorting the data. A period of software development will be required following 
commissioning of the experiment to make most efficient use of the data it produces. 
All the AMO specific software will be built on top of the common data acquisition software 
provided by the Photon Controls and Data Systems (PCDS). 

1.1.1 Configuration 
The configuration software will allow the operator to create profiles of the detector and upload 
these profiles to the various instruments before data taking starts. 
The configuration data will describe both the instrument settings and the output data types. The 
configuration data will be saved together with the science data and it will always be possible to 
correlate the configuration with the corresponding event data. 
The common PCDS data acquisition software will provide the base classes for the AMO 
configuration objects and the data type classes. 

1.1.2 Calibration 
The same software used to create the configuration profiles for data taking will be able to create 
the configuration settings used for calibration. As opposed to data taking, where the 
configuration remains mostly constant during a run, the detector configuration during calibration 
will change often in between cycles. 
The calibration software will allow calibration data to be extracted from a calibration run. These 
files will be used during data taking and during the off-line analysis to convert the spectrometer 
data to physical units and to filter the image data (dark image accumulation, gain calculation, 
etc.). 

1.1.3 Acquisition 
The data stream from all the instruments will operate at 120Hz and the acquisition 
hardware/software combination will need to be able to acquire and process the data on a real 
time basis. Preprocessing in the form of zero-suppression and bad pulse rejection is envisioned 
during the acquisition stage in order to simplify the downstream data processing. 
Each event will be labeled with a pulse ID for later reconstruction of the data. 

1.1.4 Processing 
The processing stage will perform feature extraction on the data. These features will include the 
statistical parameters (area under the curve, average value, RMS, etc.) of the different waveforms 
(single shot and averaged) and the centroid determination of the image data. 
The information collected at this stage will be used for monitoring and may also be stored 
together with the data to simplify and expedite the off-line analysis stage. 
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Currently, it's expected that all data sorting and binning will occur during the off-line analysis 
stage. This assumption may change as more experience is acquired and more processing will be 
carried through by the on-line processing stage. 

1.1.5 Monitoring 
One important function of the software infrastructure will be to provide user displays of the data 
as the experiment progresses. The user will need to determine whether the experimental 
conditions are appropriate from the quality of the signal. Individual or summed spectra will be 
displayed graphically with a user selectable refresh rate of up to 10 Hz. Users will be able to 
select the number of shots to display the data over, or whether a running total is displayed. 
The time-frame of the display will be selectable (i.e. last n shots, cumulative data set, etc.). It 
will be possible to zoom on the display, with options for auto-scaling or user defined ranges. 
Storage and printing capabilities will also be included for the displayed data. All data will be 
converted from hardware format to physical units before being displayed on the operator 
console. 
Data from the imaging system will also be displayed at a high rate on the user console when it is 
being used. Rates up to 10 Hz will be possible. 

1.1.6 Storage 
Spectrometer data will be stored in amplitude “waves” where the time interval and offset are 
defined in the configuration data and therefore do not need to be stored with the event data. Data 
will be stored in a manner that allows easy reconstruction of an experiment through various 
software filters. 
Data from each individual shot and from each spectrometer will be uniquely identified, 
retrievable, and all software controlled and measured parameters will be readily determined and 
correlated with the data. 
It will likely be more economical to store the data in the hardware word format, potentially with 
data reduction through zero suppression, along with sufficient information to decode it later. 

1.1.7 Analysis (off-line) 
A suite of software will need to be developed to sort the data and bin them into spectra from 
pulses with similar qualities (TBD) for viewing, printing and analysis. 
Analysis of time-of-flight data will require a calibration step to calibrate the flight time from 
some known values, a conversion from time to energy and various other steps including peak 
fitting and area determination. 
Sorting and binning algorithms to construct data sets from the data stored on disk will be helpful 
for analysis of the data. The data will be binned according to user defined criteria (eg pulse 
intensity) into a set of images. Further analysis of the image data with centroid determination and 
symmetrization will be done at this stage. 
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Chapter 2: Instruments 

2.1 Electron Time-of-Flight Spectrometers 
The electron time-of-flight (eTOF) spectrometers are used to measure the kinetic energies of 
electrons ejected from the interaction region. Kinetic energies are determined from the time 
required for the electron to travel from the location where it is liberated from the sample by the 
x-ray FEL pulse to the detector anode and ultimately the electronics unit being used to measure 
the time interval. 

2.1.1 Signal Description 
Signal in the eTOF’s is produced when an electron strikes the front of the microchannel plates 
(MCPs). A cascade of electron emission through a channel in the MCP results in approximately a 
106 gain across the plates. The pulse of electrons emerging from the channel plates are 
accelerated across a gap onto the metal anode of the detector. Signal from the anode is 
transmitted through a capacitive decoupler to separate the current spike from the high potential 
of the anode(depending on the settings of the spectrometer and detector voltages, as much as 
~+3500V). 
 

 

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. 
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In the low signal limit where less than one electron strikes the detector per FEL pulse, the 
resulting current spike is usually amplified with a fast preamplifier (for example Ortec 9326 or 
the Phillips 6954 ), discriminated into a binary level using a constant fraction discriminator, and 
the flight time of the electron to the detector determined using a time-to-digital converter (TDC) 
or time-to-amplitude (TAC) converter and multichannel analyzer (MCA) combination referenced 
to a signal synchronized with the ionizing radiation pulse. At the LCLS, however, much higher 
signal rates are expected in the electron spectrometers, with more than one electron arriving at 
the detector simultaneously. A fast digitizing board will therefore be used to measure the 
amplitude of the signal as a function of its arrival time. 

2.1.2 Data Acquisition Hardware 
Energy resolution of eTOFs depends upon many factors including the kinetic energy of the 
electrons, source size and duration, length of the flight tube and temporal resolution of the 
digitizer. The requirements on the temporal resolution of the digitizer will vary with experiment, 
with the most stringent conditions requiring 100-200ps digital resolution. At other times digital 
resolutions of 500ps-1 ns may be sufficient to achieve the required experimental resolution. Time 
windows of up to 10 μs may be required at the lowest digital resolutions while shorter windows 
of ~100-1000 ns would be used at the highest time resolutions.  The resulting record length for 
each of the five electron TOF’s will therefore be about 10,000 data points, 10-20 kB depending 
on the word length.  The data records can be shortened by suppressing zeros in those situations 
where a zero threshold has been defined. 
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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 dynamic range of the amplitude measurement will need to cover a sufficient range to 
discriminate between 0 and 1 electrons up to as many as 100 electrons or even more. This is 
shown in Figure 2 above where the amplitude ranges from -1×10-3 up to -0.14, corresponding to 
a dynamics range of 140, or 7.1 bits resolution. 
It may be possible to truncate lower values when many electrons strike the anode simultaneously, 
reducing the required dynamic range. In addition, when higher temporal resolution is used, the 
electron counts will be spread out amongst more channels, resulting in a lower peak amplitude 
and hence dynamic range requirement. 
In summary the following requirements emerge for the data acquisition hardware for the eTOFS: 

• Each electron TOF requires a digitizer to measure the signal amplitude as a 
function of time 
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• Temporal resolutions of between 100 ps and 1 ns per channel should be user 
selectable for a given experiment 

• The full scale amplitude should be divisible into at least 100 digital levels at the 
lowest temporal resolution, although the requirement is relaxed at higher temporal 
resolution to 50 levels 

• The full scale amplitude should be user selectable amongst several values, i.e. 
100mV, 1V, 2V, 5V, 10V. 

2.1.3 Data Acquisition Software 
The general software specifications apply for the eTOF. 

2.2 Ion Time-of-Flight Spectrometer 
The first of three unique ion spectrometers, the ion time-of-flight (iTOF) spectrometer operates 
on the same principle as the electron time-of-flight spectrometer, measuring the flight time of 
ions created in the interaction of the x-ray FEL beam with the sample. Ions are extracted in a 
constant (or pulsed) electric field, however, achieving the similar kinetic energies and dispersing 
in time based on the charge-to-mass (m/q) ratio.  

2.2.1 Signal Description 
The signal here is identical to that described for the electron TOF spectrometers in section 2.1.2  
as it is derived from the same sort of hardware. For positive ion detection, the front surface of the 
MCPs is biased with a negative voltage to accelerate the ions onto the surface. Impact of an ion 
on the surface of the MCP’s releases a cascade of electrons which is detected as a current pulse 
on the solid metal anode, decoupled from the high voltage bias, amplified and measured with the 
data acquisition hardware. 
Owing to the large acceptance volume of the ion spectrometer resulting in almost 100% 
collection efficiency for ions generated in the interaction region, the signal will be considerably 
greater here than for the electron spectrometers. Also, since the ions are significantly heavier 
than electrons and generally have lower kinetic energies, they will arrive at the detector later than 
electrons will at the eTOF detector and over a larger time window, up to 1 ms depending on the 
mass of the ion and the extraction fields used for acceleration. 
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Figure 3: Example of a time-of-flight ion spectrum (from www94.web.cern.ch/ISOLDE/REX-
ISOLDE/rextrap.html). 

2.2.2 Data Acquisition Hardware 
It would seem to make sense to use the similar hardware to acquire the signal as that used by the 
eTOF. As stated above, the time window for the data acquisition will be significantly larger, 
although the required sample interval will be proportionally larger. The dynamic range 
requirement will also be greater, since a much larger signal is expected in the ion spectrometer 
on a single LCLS shot. Basic specifications: 

• A digitizer will be used to measure the signal amplitude proportional to the 
number of ions striking the MCP as a function of time 

• Temporal resolutions of between 1-100 ns per channel should be user selectable 
for a given experiment over a time window of 1 to 1000 μs for the shortest to 
longest dwell times respectively. 

• The full scale amplitude should be divisible into at least 1000 digital levels, and 
preferably more, up to 106 discrete levels, at all temporal resolutions specified 
above. 

• The full scale amplitude should be user selectable amongst several values, i.e. 
100mV, 1V, 2V, 5V, 10V. 

• The resulting data set length for each ion TOF spectrum will therefore be 1,000 to 
10,000 points. 

2.2.3 Data Acquisition Software 
In addition to the general software guidelines, the following specifications apply for the iTOF: 

• Monitoring: Data from a single shot is likely to be sufficiently intense to display – 
may want to display several shots worth of data simultaneously as overlapping traces? 
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• Analysis (off-line): Data need to be converted from time to mass-to-charge (m/q) 
ratio. Constants will be determined from calibration spectra acquired with the same 
potentials applied to the electrostatic elements. Off-line software will likely be used to 
“fit” peaks to the data. 

2.3 Ion Imagining Spectrometer 
Ion momenta in directions transverse to their flight direction towards the detector are encoded in 
the position at which the ions strike the detector. Using a slightly different lens configuration that 
that used for the ion TOF spectrometer, ions can be focused onto different position of the 
detector depending on their velocities (nominally momenta). An image of the pattern of the ions 
striking the detector will therefore provide a measurement of the momentum imparted to them in 
the photoionization event, for example when enough electrons are removed from a molecule to 
result in a Coulomb explosion of the remaining ions. 

2.3.1 Signal Description 
The signal in the ion imaging spectrometer is created in the same means as the iTOF 
spectrometer, namely, each ion striking the front of the MCPs results in a cascade of electrons 
accelerated by the bias across the plates producing a pulse of ~106 electrons. In this case, 
however, the pulse of electrons is accelerated across a vacuum gap onto a phosphor screen where 
it results in a flash of light from the phosphor. 
The position where the ion struck the front of the MCP is reflected in the position of the pulse of 
light. A video camera, outside vacuum, images the phosphor screen onto a CCD chip and thus 
records the location of each ion strike on the detector. In order to be able to produce data sets 
from pulses with similar attributes, images must be acquired at the shot rate of the LCLS and 
later added based on the measured parameters of the FEL pulse. 

 

 

Figure 4: Sample ion velocity image showing the variation of intensity at different locations on the detector 
(from http://www.ru.nl/appliedphysics/research/stereodynamics_of_oh/). 
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2.3.2 Data Acquisition Hardware 
The hardware is simply required to acquire an image of the phosphor screen plane on each shot 
with a sufficient resolution to extract the required data.  

• The lens used to image the screen onto the chip will have manually operated iris and 
focus and a fixed focal length (TBD).  

• The imaging chip could be either a CCD or CMOS device which even yields the 
required performance. 

• Ideally the imaging chip will have little dark signal and easily discriminate between a 
flash of light and absence of light in a given pixel. 

• The detector will form an image on the phosphor screen within 1ms following the 
LCLS pulse. The imaging chip needs to be able to detect signal for a period of at least 
1 ms and then read out and rearmed before the next LCLS pulse (the subsequent 
7ms). 

• The resolution of the chip is ideally 1024×1024, although it would be preferable to 
compromise on resolution rather than acquisition rate. 

2.3.3 Data Acquisition Software 
In addition to the general software guidelines, the following specifications apply for the ion 
imaging spectrometer: 

• Configuration: Typically the entire field of view, which is circular, will be acquired 
on each shot, although there may be instances where regions of interest can be 
defined (not a frequent mode of operation). 

• Processing: Ideally the data can be significantly compressed before storage owing to 
the sparsity of the data. An individual “spot” will typically cover a few pixels, so 
noise pixels could also be eliminated based on nearest neighbor criteria. The data set 
for each LCLS pulse will be sparse with on a few to a few hundred pixels illuminated 
on the imaging chip, so an inline compression scheme will be an important 
consideration. 

• Analysis (off-line): Further analysis with centroid determination, symmetrization, etc. 
will be done with user routines developed later. The data will later be binned 
according to user defined criteria into, for example, a set of images for different pulse 
intensities. 

2.4 Ion Momentum Spectrometer 
The ion momentum spectrometer combines the capabilities of the two above ion spectrometers in 
one instrument to uniquely measure the three dimensional momentum of each ion by measuring 
both its flight time and the location it strikes the detector. 
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The utility of such a spectrometer is limited by the availability of detectors to measure both the 
time and position of an ion impact on the detector. The only available anode utilizes a set of 
delay lines with time encoders on each end of the wire to measure the propagation time for the 
signal in either direction and hence determine the position along the wire where the particle 
struck. Combining two or three such delay lines allows the two dimensional position of the 
impact to be determined. Combining this information with the flight time of the ion from the 
interaction region to the detector provides the full three dimensional momentum information. 
The principle shortcoming of such an instrument, resulting in its limited utility at the LCLS, is 
the inability to uniquely determine the position and flight time of the ions when more than three 
or four ions are simultaneously incident on the detector in a given time window of a few hundred 
nanoseconds. 

 
Figure 5: Operating principle of the delay-line anode. 

2.4.1 Signal Description 
Signal is generated in the same way as the other charged particle spectrometers, individual ions 
strike the front of the MCPs and are amplified into a macroscopic pulse of electrons by the 
voltage applied across the plates. A unique anode is used in the ion momentum spectrometer that 
consists of the three separate wires wound helically and oriented at 120° with respect to one 
another. 
The charge pulse strikes all three wires, as they are wound loosely enough to allow the electron 
cloud to pass through, and the time required for the signal pulse to propagate to either end of the 
two wires is measured to determine where along each wire the electron pulse hit it. Owing to the 
redundancy of the three wires, simultaneous impacts can be measured so long as the impact site 
is at least 1cm from the nearest neighbor. 
The actual arrival time of the ion on the detector is measured on the back of the MCP plate. A 
total of seven times are therefore measured to measure the flight time and position of impact of 
the ion on the detector. In low signal experiments, where less than one ionization event occurs 
per light pulse (i.e. at synchrotrons), time-to-digital converters are used to measure the various 
time intervals. 
Since the technique is inherently limited to detecting a few ions per shot, it might be sufficient to 
similarly use TDC’s here. Alternatively, digitizers can be used, which do not suffer from dead 
time problems and can potentially measure many more particles simultaneously, assuming that 
the data can be disentangles from the signal. 
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2.4.2 Data Acquisition Hardware 
Regardless of the method used, seven channels of timing information are required, all referenced 
to a common start signal in order to correlate the measurements to common events. Two options 
are available for this requirement, a multistop TDC with at least seven channels, or seven 
digitizer channels used to acquire waveforms on each of the lines. In either case, the following 
specifications should be met: 

• A temporal resolution of 250 ps should be available, although larger time steps may 
be used with the digitizer in certain circumstances 

• If/when TDCs are used, a dead time of less than 2 ns would be preferred (if that’s 
available) in order to measure simultaneous impacts on the anode in different 
locations. 

• If/when digitizers are used, only a small dynamic range is required to distinguish 
between zero, one and two simultaneous impacts on the anode wires, although a 
larger dynamic range capable of distinguishing up to 10 particles striking the detector 
is required. 

• The full scale amplitude of the digitizers should be user selectable amongst several 
values, i.e. 100 mV, 1V, 2V, etc. 

2.4.3 Data Acquisition Software 
In addition to the general software guidelines, the following specifications apply for the ion 
momentum spectrometer: 

• Configuration: The data acquisition hardware will need to be configured with the 
active dwell time, temporal resolution, etc. 

• Acquisition: Depending on the hardware used, the data acquisition will entail either 
reading the TDC after the active dwell time expires or reading the seven digitizers. 
The data from the TDCs can simply be streamed out to disk or filtered to determine 
whether or not a valid event was detected. From the digitizers, algorithms should be 
developed to extract the time of each hit on each end of each wire which can be 
similarly streamed to disk or filtered as appropriate. 

• Monitoring: The times on the wires can be converted to XY locations on the anode, 
which together with the flight time of the ion uniquely determine the momentum of 
the ion. This is the information that should be displayed in quasi real-time on the 
operator console, so this conversion can take place in the data stream and 
accumulated in memory. False color images of the impact positions on the detector 
along with a time-of-flight spectrum should be displayed on the user’s console. A 
region-of-interest in the TOF spectrum should be selectable with only those positions 
displayed on the XY map. 

• Storage: Each TDC hit or digitizer peak time should be stored for later analysis. For 
diagnostic purposes, it would be helpful to occasionally be able to store digitized 
waveforms to verify analysis codes, etc. 
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• Analysis (off-line): After binning the data, data sets with three values for each ion 
impact (time and XY position) will be analyzed off-line by the user. 

2.5 Magnetic Bottle Electron Time-of-Flight Spectrometer 
The magnetic bottle spectrometer is similar to the electron time-of-flight spectrometers in that it 
uses the flight time of the electrons from the interaction region to the detector to determine their 
kinetic energy. In its practical implementation, however, the magnetic bottle spectrometer is 
unique in that it will use magnetic fields to manipulate the trajectories of the electrons towards 
the detector. An imaging type detector will be used to tune the magnetic fields, while it will be 
operated in timing mode to actually measure the time spectrum of the electrons.  

2.5.1 Signal Description 
Two different data acquisition modes will be used for the magnetic bottle, tuning and data 
acquisition. In tuning mode, the image of the electron signal, accumulated from a imaging MCP 
detector similar to that described in section 2.3.1  will be used to optimize the position of the 
permanent magnet opposite to the flight tube and the solenoidal magnetic field applied to the 
flight tube. Once the alignment has been optimized a data acquisition mode will be used, where 
the signal amplitude is measured as a function of time over a narrow time window of up to 1 ms, 
as used for the electron and ion TOF spectrometers described above in sections 2.1  and 2.2 . 

2.5.2 Data Acquisition Hardware 
Hardware is required to measure both images from the phosphor screen at the end of the flight 
tube, similar to the ion imaging spectrometer in section 2.3 , and measure the flight time of the 
electrons, similar to the eTOFs in section 2.1 . While nothing precludes both methods of 
detection being used simultaneously, it will be more likely that the imaging method will be used 
to tune the instrument and the flight time method will be used to make measurements.  
The imaging system has the following requirements: 

• A camera lens with a manual focus and aperture control will image the phosphor 
screen onto a chip (CCD or CMOS). 

• The imaging device should be capable of being active for a variable period, from 
1/120th of a second (i.e. one pulse) up to 1 s or even more. This will enable the 
imaging device to sum data. It’s not crucial to reach the single shot limit if that 
requirement adds considerable complexity or cost to the device. 

• A moderate resolution of 640 × 640 pixels is desired, although other resolutions can 
be considered. 

• Approximately 12 bits of intensity depth are required. 
The timing system has the following requirements (same as the eTOFs): 

• Temporal resolutions of between 100 ps and 1 ns per channel should be user 
selectable for a given experiment 
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• The full scale amplitude should be divisible into at least 100 digital levels at the 
lowest temporal resolution, although the requirement is relaxed at higher temporal 
resolution to 50 levels 

• The full scale amplitude should be user selectable amongst several values, i.e. 
100mV, 1V, 2V, 5V, 10V. 

2.5.3 Data Acquisition Software 
Software is required for the tuning procedure and data acquisition mode of the magnetic bottle 
spectrometer. In tuning mode it will be necessary to monitor the image as a function of various 
parameters including XYZ position of the magnet and field strength of the solenoid magnet. For 
data acquisition mode, the requirements are similar to the eTOF with an entire amplitude vs. time 
spectrum measured and stored for each shot of the LCLS. 

• Configuration: As well as configuring both the dwell time of the imaging device 
and/or acquisition parameters for the digitizer board, a suite of tools to optimize the 
positions of the magnet, gas jet and solenoid magnet field strength are required. 

• Processing: As a metric of the beam parameters including photon energy and 
bandwidth, information from the magnetic bottle spectrometer will be used to 
calibrate data from the other spectrometers. Algorithms will need to be developed to 
measure the centroid and width of a peak, for example, and plot them as a function of 
shot number to evaluate the stability of the LCLS beam. 

• Monitoring: The magnetic bottle spectrometer is meant to be a diagnostic of the 
photon beam and should provide as much information as possible to the operator. 

• Analysis (off-line): More detailed analysis of the data from an experimental run will 
require an evaluation of the magnetic bottle spectra to understand the nature of the 
LCLS beam. Tools will need to be developed to quickly extract the required 
information from the magnetic bottle spectra to be able to bin and sort the 
experimental data. 

2.6 X-ray Emission Spectrometer(s) 
Two different x-ray emission spectrometers will be used in the AMO instrumentation to measure 
the energies of photons re-emitted by the sample following excitation by the LCLS pulse. Both 
spectrometers will use dispersive elements (one a grating, the other a crystal) to disperse the 
emitted radiation onto a position sensitive detector. The position and intensity of the radiation 
striking the detector will be used to measure the spectrum of emitted radiation. 
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2.6.1 Signal Description 
Fluorescent x-rays dispersed by the grating or crystal will be imaged by a detector. The detector 
will be either a MCP amplified phosphor screen, similar to the device used in the ion imaging 
spectrometer that is subsequently imaged by a camera outside of vacuum, or a CCD that is 
directly illuminated by the x-rays from the spectrometer. Regardless of the hardware to be used 
to physically measure it, the x-ray spectrum will be encoded as an intensity profile along a single 
dimension of an area detector. 
Depending on the shape of the optics/crystals used, the radiation may be dispersed over straight 
or curved lines as shown in Figure 6, which the data acquisition software will then collapse into a 
spectrum for each shot. The position of the intensity along the detector can be correlated with the 
wavelength of the light through the appropriate dispersion equation. 

 

 
Figure 6: Examples of curved and straight line images from soft x-ray spectrometers using spherical and 
plane gratings respectively. 

2.6.2 Data Acquisition Hardware 
As described above, either a camera outside of vacuum or a imaging chip in vacuum will be used 
to measure the intensity of the x-rays as a function of position. 

• Most importantly, the images must be read at the rate of the LCLS pulses, nominally 
120 Hz. 

• The resolution in the dispersive direction is more critical than that in the non-
dispersive direction and ideally 1024 pixels should be available (although this can be 
compromised). The number of pixels used in the data acquisition and the offset 
should be user selectable as part of the instrument configuration. 

• In the non-dispersive direction the number of pixels will be determined by the length 
of the beam imaged by the spectrometer and will likely be ~200. The number of 
pixels used in the data acquisition and the offset should be user selectable. 

• Count rates of up to 100 x-ray photons per pixel should be accommodated, but much 
lower rates are expected in general operation. 
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2.6.3 Data Acquisition Software 
In addition to the general software guidelines, the following specifications apply for the X-ray 
emission spectrometers: 

• Calibration: The active window of the detector will be set by accumulating signal for 
a period of time to determine the extent of the illumination of the detector. The profile 
of the lines on the detector, straight or curved for example, will also be set and used to 
determine the summation methods used to reduce the dimensionality of the data. The 
position of the signal on the detector will eventually be correlated with the 
wavelength of the radiation. When the calibration parameters are known, they can be 
entered into the configuration parameters and used to convert the data to physically 
meaningful results. 

• Monitoring: If the shape of the dispersed lines on the detector can be predetermined, 
an algorithm can be implemented to reduce the data set to a one dimensional 
spectrum before storage. Similarly, if position to energy calibrations can be 
predetermined, the data can be converted to wavelength before storage. The x-ray 
spectrometers are far less efficient than the other detectors, so longer data acquisition 
times will be required to obtain visible signal. Long integration times (several 
seconds to minutes) will be used to display the data although a faster update of the 
display should be implemented (i.e. use a rolling dwell time window). 

2.7 Pulse Energy Monitor 
The AMO chamber is five mirrors removed from the pulse energy monitors in the front-end 
enclosure. A primary pulse energy monitor is therefore required to provide a reliable 
measurement of the FEL pulse energy in the interaction region of the AMO chamber. An 
instrument similar to the XTOD single pulse energy monitor will be installed downstream of the 
magnetic bottle spectrometer to calibrate the losses due to optics and/or apertures along the beam 
path. 
Heat deposited into a silicon substrate by the FEL pulse is monitored by a temperature sensitive 
resistive sensor coated onto its back side. The temperature of the silicon substrate will recover in 
the time between pulses due to a weak thermal link with a temperature controlled heat sink. The 
pulse energy monitor controls have been described in detail in the electrical ESD (which is not 
yet filed). The AMO pulse energy monitor can be considerably simpler, however, in that only one 
or two channels of amplifier/detector are required. 
Multiple amplifiers/data acquisition channels are not required for the AMO pulse energy monitor 
as in the XTOD design since, if multiple sensors are incorporated into the pulse energy monitor, 
it will be a simple matter to change the connector from one sensor to another by accessing the 
hutch. 
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2.7.1 Signal Description 
Energy from the FEL pulse will heat the silicon substrate, which will change the resistance in the 
colossal magneto resistance (CMR) material sensor coated onto the backside of the substrate. By 
measuring the change in resistance of the sensor, therefore, the temperature change, and hence 
the energy deposited in the substrate, which comes from the FEL pulse can be measured. 
The XTOD group proposes using a differential bridge to apply a bias voltage to the sensor and 
measure the voltage drop through the sensor to measure the temperature change. Sensor will 
require three lines: a bias voltage input, bridge output and signal output (from the CMR sensor). 
The signal will then be digitized at a relative slow sample rate to determine the temperate change 
induced by the FEL pulse. 

2.7.2 Data Acquisition Hardware 
In addition to the controls hardware required to bias the sensor, preamplifiers and a digitizing 
board are required to measure the signal from the sensor: 

• The preamplifier circuit is described in the XTOD document describing the electrical 
requirements of the total energy monitor. 

• A 16 bit digitizer operating at at least 1.2Msamples/sec is required to measure the 
temporal response of the CMR sensor to the FEL pulse. 

• Additional channels of the digitizer will be required to measure calibration data using an 
external laser. Bolometers will be used to measure the power of the laser pulse. 
Simultaneous measurement of the sensor response will permit calibration of the sensor. 

2.7.3 Data Acquisition Software 
The pulse energy monitor will be used in two different ways. If it is able to operate reproducibly 
at 120Hz, it will be used as a primary calibration of the pulse energy for each and every pulse. 
The pulse energy will be stored as a value for each shot, as well as various configuration 
parameters that can be used to recalibrate the data if necessary. Alternatively, if the energy 
monitor cannot perform reproducibly at 120 Hz, it can be used at a lower rate to calibrate the gas 
detectors in the FEE for losses that occur in transport and focusing the FEL beam to the 
experimental chambers. 

• Calibration: Various configuration parameters need to be determined by calibrating 
the sensor using a visible light laser. The calibration will be used to convert FEL pulse 
energy measurements to absolute energy values. Additionally, the gain of the 
amplifiers and digitizer will also need to be set in the configuration section. 

• Acquisition: As outlined above, the sensor will function either at 120Hz or some 
lower rate to be used as a calibration of the gas sensor measurements. At the 
acquisition rate, the sensor data need to be read and processed before the next signal 
measurement.  
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• Processing: The only quantity of interest is a single value for the energy of the FEL 
pulse. While it will be desirable to occasionally store the measured waveforms, for 
most applications, only the pulse energy value is of interest. A parameter 
configuration file that can be associated with a specific pulse measurement should 
contain data required to recalibrate the measurement if necessary. This data will be 
one of the primary means used to sort the experimental data into various sets. 

• Monitoring: A running strip chart will show the history of the pulse energy. 
• Storage: Only pulse energy value need be stored. Occasionally it will be useful to 

store the measured waveform for off-line analysis of the methodology. 

2.8 Beam Profile Screens 
The position and profile of the x-ray beam in the far field will provide a diagnostic of the size 
and position of the focal spot in the chamber. YAG crystals will be used in the vacuum path of 
the FEL to convert the FEL x-rays into visible light. Video cameras with zoom lenses will be 
used to image the beam profile screens with inline conversion of the images into centroid and 
width data for subsequent processing. 

2.8.1 Signal Description 
The primary signal is an image of the intensity profile of the FEL radiation on the YAG crystal. 
Since the FEL pulses will be chaotic, they must be measured on a shot by shot basis. From the 
measured images, positions and horizontal and vertical profiles need to be extracted and stored 
with the data stream. Lenses on the cameras should have zoom, focus and aperture control to 
maximize the signal content of the image. 
The intensity profile of the radiation in the far field (i.e. at the position of the profile screens) is 
not expected to be smoothly varying. Rather, interference patterns arising from the coherent 
illumination of the optical surfaces will result in bands of light and dark regions. If such patterns 
are clearly observed, it may be possible to extract the position and size of the focus directly from 
the pattern. In that case, the image of the screen intensity will need to be stored on each shot. 

2.8.2 Data Acquisition Hardware 
The data acquisition hardware is simply two cameras operating at 120Hz. Since the objective is 
to measure the intensity profile of the beam with as high an accuracy as possible, a 1024×1024 
pixel camera with a 12 bit intensity depth. This would likely place an extraordinary burden on 
the acquisition hardware, so a compromise on the resolution and bit depth is acceptable. 

2.8.3 Data Acquisition Software 
Software will be required to acquire and process the data from the cameras, storing it to be 
readily accessible during analysis of the science data. 
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• Configuration: The focus, zoom and aperture of the lens will be set during a 
configuration process where the average position and peak brightness of many shots 
are used to set the lens parameters. After that initial configuration, the lens settings 
will remain fixed until another configuration is performed. A circular region of 
interest where the pulse is likely to be could also be defined in the configuration to 
minimize data processing times. 

• Processing: Algorithms will be developed to determine the size and position of the 
beam focus and used to sort the science data into various bins depending on the peak 
energy in the pulse. 

• Monitoring: Centroid and profile width values will be shown as a strip chart on the 
user console to provide real time feedback on the stability of the beam position. 

• Storage: Either the compressed images or centroid and profile data will be stored with 
identifying information to be able to identify the data for each LCLS pulse. In the 
case where images are required for storage, the image should be compressed to 
reduce the data set size based on the ratio of signal to zeros. 
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Chapter 3: Common Diagnostics 

In addition to the local instrumentation, the data acquisition/control software should provide a 
means to monitor shared diagnostics instruments in the FEE (i.e. the gas (and possibly solid) 
attenuators) and machine (i.e. rate) as well as monitor key parameters from various upstream 
diagnostics to correlate signals with machine behavior. It would be useful, for example, to 
display the electron beam energy and current measured in the beam dump on a screen on the user 
console to correlate with the performance of the instrumentation. Further discussions will be 
needed to define exactly which parameters will be helpful to display. 


