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1. Introduction 
The control system requirements for a 4th generation light source differ from storage ring-
based 3rd generation light sources because of the pulsed, single-pass operation of the 
accelerator. There is no steady-state operation as in a storage ring. Each machine pulse 
uses a new charge from the gun in the electron injector and it must be accelerated and 
transported for injection into the FEL undulator within a narrowly prescribed parameter 
space. This places greater emphasis on the real-time operating characteristics of the 
control system since the machine pulses must be synchronized, measured and controlled 
at 120 Hz. Many of the subsystems must measure and respond within the 8.3 ms between 
machine pulses. A fundamental physics requirement is that the control system be capable 
of reading back all beam synchronous acquisition devices, such as BPMs, from injector 
through to final dump, on a single machine pulse. By measuring on a single pulse one can 
distinguish the actions of the acceleration and transport components on the beam from the 
pulse-to-pulse jitter in the system. This is necessary to tune and stabilize the operation of 
the FEL. 
 
Some constraints are imposed on the LCLS control system architecture by the 
compatibility requirements with existing SLAC hardware and control systems. Large 
portions of the LCLS linac will continue to operate with existing controls hardware using 
the SLC control system during the initial operating phase of the machine. The new and 
the old control systems need to communicate and share data, and in particular satisfy the 
physics requirement mentioned above that all beam synchronous acquisition devices be 
read back on a single machine pulse. 
 
In addition, the controls applications software will also migrate from existing 
implementations on the old SLC control system to the new LCLS control system. The 
commissioning plan of the LCLS requires that many of the existing SLC higher level 
controls applications be available on day 1. These include basic tasks such as trajectory 
display, analysis and control. As more sophisticated controls tasks are required in the 
commissioning process we will use more and more new applications written for the new 
control system platform. 
 
The controls for LCLS must provide support for  

 power supplies, both dc and pulsed 
 motion control for alignment of devices, insertion of diagnostics and beam 

stoppers 
 manipulation and measurement of the low level RF (LLRF) 
 synchronization of timing triggers with the LLRF with links to the SLC master 

pattern generator (MPG) 
 synchronous beam data acquisition from diagnostic devices 
 pulse-by-pulse feedback control of steering, energy and bunch length 
 personnel protection and beam containment systems (PPS & BCS) 
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 machine protection systems (MPS) that can shut off the beam within one pulse 
 database, configuration control, alarm handling 
 software framework for applications programming and machine sequencing 
 the actual applications programs 
 graphical user interfaces (GUIs) for displaying and varying machine data 

 
A longer term view is also required for the control system by nature of the use of high-
technology components that have inherent relatively short obsolescence times. A control 
system requirement therefore is that the architecture is flexible enough to endure a 
progressive upgrade process as more advanced technology becomes available and older 
systems that can no longer be maintained are retired.  This approach is facilitated by 
using industrial standards in the control system architecture and choosing commercial off 
the shelf components that meet these standards. 
 
The required controls subsystems are then described in the following sections. References 
to specific PRDs and ESDs are included where applicable. 
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Figure 1: Schematic of the LCLS control system architecture showing the network backbone with 
EPICS Channel Access linking the IOCs and the user interfaces as well as the existing SLC control 
system. 
 

2. Control System Components 
The controls architecture is shown in Figure 1, where systems are distributed over a 
network and communicate via the channel access EPICS protocol, as described in the 
next section. Devices are attached to the network through input-output controllers (IOCs). 
Each IOC is a standalone processor which communicates over the network. Devices that 
must remain compatible with the older SLC control system use a custom SLC-aware IOC 
emulating a microprocessor that communicates directly with the Alpha computer hosting 
the SLC controls program (SCP). Existing user applications can then be run through the 
SCP interface or through new EPICS based graphical user interfaces (GUIs).  Control of 
engineering parameters is done through EPICS displays. A programming framework is 
added to allow high-level applications to be scripted and to access the relational database 
(RDB) for the machine. 

2.1. EPICS 
 EPICS is an open-architecture control system that is used in more accelerators than 
any other control system. It supports time stamped, synchronized data, a variety of high 
level applications, and has a well-defined interface for integrating accelerator hardware.  
 EPICS is also operating system independent. The control portion currently runs on 
many operating systems such as vxWorks, RTEMS, Redhawk LINUX, windows, and 
UNIX to name a few. The application is portable among these various platforms and 
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easily ported to new processors and operating systems. This allows the installation to 
easily evolve to new hardware and operating systems as they become available. 

2.1.1. Channel Access  
The channel access (CA) communication protocol provides time-stamped, queued 

data. It uses User Datagram Protocol, UDP, to find channels (unless a name server is 
provided), and the Transmission Control Protocol (TCP) and the Internet Protocol (IP) to 
do gets and puts between clients and servers. Channel access queues data with the time 
stamps. However, careful network and IOC measurements are required to ascertain if 
deterministic control will succeed with CA. 

2.1.2. Distributed Runtime Databases  
The interface to all hardware lives in a distributed database whose fields are all 

available to channel access clients through the channel access server. There is direct 
access to all data from any other client from distributed database references and other 
clients. The Database is used to configure data acquisition and steady state control. 

2.1.3. State Notation Language 
The State Notation Language (SNL) provides an environment for developing 

transitions between different steady states of operation. The language uses channel access 
to communicate and therefore has access to all channels in the system. It compiles the 
program and runs in an event environment to provide responses within an 8.3 msec 
window when running on channels within the same IOC. Network uncertainties must be 
considered when running SNL programs that use channels from multiple IOCs. 
 

2.1.4. IOCs  
I/O controllers are distributed controllers that are typically assigned to provide 

control of some subsystem, some geographic area, or some subsystem in some local area. 
They typically run a Real Time Operating System (RTOS), contain a portion of the 
distributed database, and have some state notation programs to provide state transition 
control. The IOC can be implemented as a central processing unit (CPU) card in a VME 
crate, or as an embedded processor incorporated into the device to be controlled. 

 
Processors for the IOCs are to be the fastest processor we can find at reasonable 

market price. They need a fast enough processor to support fast feedback and low-latency 
response. They need enough memory to support 10 second circular buffers of all beam 
synchronous data. 

 

2.1.5. RTEMS 
The Real-Time Executive for Multiprocessor Systems, RTEMS, is an open-source 

real-time operating system. Its performance is as good as other industry leaders, 
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particularly vxWorks. There are several RTEMS experts in the EPICS community that 
provide support which mitigates any shortcomings in the operating system. 

2.1.6. I/O buses 
There are a variety of input/output (I/O) needs ranging from beam synchronous 

control and data acquisition at up to 120 Hz with high reliability I/O, down to low-cost, 
low-precision I/O for monitoring tasks. For these various applications we will use:  

 Peripheral Component Interconnect (PCI) mezzanine card (PMC) for high speed 
image data,  

 VERSA-Module Eurocard (VME) gated I/O for high-speed, high-precision I/O, 
and  

 Programmable Logic Controller (PLC) I/O for high-reliability, low-cost and low-
precision I/O. 

2.1.7. Embedded Processors  
Not all devices lend themselves to grouping in a centralized crate with a single 

CPU. Geographically isolated devices should be stand-alone, or the device may need the 
computing power and speed of a dedicated CPU. In these cases the processor should be 
embedded in the control device and run a supported RTOS such as RTEMS on which 
EPICS can be run. The embedded processor communicates as an IOC over the network. 
An embedded processor with a PMC slot can also support the EPICS timing system. 

2.1.8. Development Environment 
 The development environment must support source release control. It must provide a 
platform that multiple developers can independently develop, roll back previous versions, 
and share software that is used in common to all applications: EPICS, RTEMS, and 
drivers. 

2.2. SLC-aware IOC 
The new EPICS IOCs must emulate the SLC micro functions so that the SLC 

high-level applications can be used. This requires integration of the SLC timing 
functionality as well as support of all micro-SLC Alpha communication. The SLC 
functionality for particular subsystems such as Power Supplies and BPMs is specified in 
the subsystem ESDs. 

2.3. Timing 
The timing system must provide 360 Hz triggers that are synchronized to the 

LLRF system with less than 8 psec jitter. The triggers must have programmable delays in 
steps of 119 MHz (8.4 ns). The beam code patterns from the SLC master pattern 
generator (MPG) must be passed to IOCs via the EPICS event generator (EVG). The 
timing system is closely coupled with the machine protection system (MPS) which must 
pass data to all event receivers (EVRs) in time for all IOCs to determine that the MPS 
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and timing are working correctly. The requirements for the timing system are described 
in PRD 1.1-305 LCLS Timing System Requirements. 

2.4. Protection Systems  
Protection systems are required to keep people out of the area where beam is 

controlled (Personnel Protection System PPS), keep radiation contained in the tunnel 
(Beam Containment System BCS), and keep the equipment from damage that would 
result in long, expensive, repairs (Machine Protection System MPS). 

2.4.1. PPS  
PPS must be perfectly reliable as it guarantees the safety of personnel.  It must be 

redundant. It must instrument and document the tunnels in order to provide a reliable way 
to verify that no one is in the tunnel prior to operation and to indicate if anyone may enter 
the tunnel during operation. The PPS is a secure, stand-alone system, but its status should 
be available to the control system. The requirements for the PPS are described in PRD 
1.1-310 LCLS Personnel Protection System Requirements 

2.4.2. BCS  
BCS must inhibit beam if radiation is detected that may escape the tunnel. It must 

respond before the next beam pulse. This means that detection and mitigation occurs 
within 8.3 msecs. The BCS is a stand-alone, redundant system that communicates its 
status to the rest of the control system. The requirements for the PPS are described in 
PRD 1.1-311  LCLS Beam Containment System Requirements. 

2.4.3. MPS 
The MPS is a system for turning off the beam rapidly in response to a fault 

condition being detected that might lead to damage to a piece of equipment being struck 
by an excessive amount of beam. Other protection systems exist for internally protecting 
equipment such as power supplies, but the MPS in the control system refers exclusively 
to the electron beam and gun laser inhibit system. The primary piece of equipment that 
needs protection from radiation damage by the beam is the undulator system. Other 
equipment includes the electron gun cathode, and in general any critical components that 
would cause serious down time if damaged by the beam. The MPS should turn off the 
beam within one 120 Hz beam pulse, or lower the rate depending on the severity of the 
fault. The system should also allow the beam rate to be recovered quickly after the fault 
has cleared.  

 
MPS mitigates damage by either rate limiting through the timing system, kicking 

the beam into the Single Bunch Beam Dumper, disabling the trigger to the Pockels Cell, 
or placing the beam stopper into the injection laser. The reaction must occur before the 
next beam pulse (8.3 msecs) to protect the undulator. 

MPS must fail safe. It must verify that and mitigation through the timing system 
has occurred, and it must be highly reliable. 
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The physics requirements for the MPS are described in PRD 1.1-312 LCLS 
Machine Protection System Requirements. The detailed engineering specifications are 
detailed in the MPS ESD 1.1-511.  

2.5. Fast Feedback 
Beam-based fast feedback is required to meet the stability specifications of the 

machine both transversely and longitudinally. The beam is sampled up to the maximum 
rate of 120 Hz and a processor uses an algorithm to calculate the new settings of a group 
of actuators. For transverse feedback the measurement is made with beam position 
monitors (BPMs) and corrected with magnetic steering coils driven from small power 
suppliers. Longitudinal feedback uses beam energy determination from BPMs and bunch 
length from fast monitors to control the amplitude and phase of the LLRF. The list of 
input devices and actuators for each of the fast feed back systems is specified in PRD 1.1-
304 Controls Requirements for LCLS Feedback Systems. 

 
Fast feedback provides control of a fixed set of parameters, using beam 

parameters, resolving the new settings, writing out the new values, and having the 
controllers settle before the next beam pulse for 120 Hz operation. A tentative timing 
budget consists of 1 msec to read and convert the beam parameters, 1 msec to send the 
information to the fast feedback controllers, 1 msec to compute and set the new settings, 
and 5 msecs for the new values to settle. This is all driven from the estimate that the 
actuators take 5 msecs to settle. 

 
These response times imply the use of dedicated networks, or networks known to 

have limited traffic, in order to guarantee a deterministic response. 
 

2.6. Relational Database 
A relational database (RDB) must provide beamline parameters for use in the 

modeling codes. There must be tools to extract this data into the format used by the high 
level applications. Tools must be available to view and edit the beamline components. 
The RDB should provide the ability to enter all configuration data including: references 
to CAPTAR, assignments of signals to Process Variable (PV) names, clients using these 
PV names, and descriptions of the functions that can be defined as the project matures for 
use by maintenance groups. The use of a relational database would improve overall 
operation and maintenance.  

2.7. User Interfaces 
There are many tools needed to maintain and operate the accelerator. This list 

specifies the identified needs of the users. 
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2.7.1. Engineering Interface 
 There must be synoptic panels that are used by engineers to verify proper operation of 
each subsystem. These displays are used by equipment specialists and control system 
engineers to verify proper operation or easily diagnose system problems. The engineering 
interface would be used, for example, to set the limits, ranges, tolerances and calibration 
data for individual devices. 

2.7.2. Overview Displays 
There must be overview displays that include enough information from each 

subsystem to let the operator know that all systems are operating properly and that the 
machine is ready for operation. If the machine is not ready for operation, these displays 
should inform the operator which subsystem is malfunctioning. 

2.7.3. Alarm Handling 
Error messages from underlying code must be collected, time stamped and 

displayable. These messages are used by operations and equipment engineers to review 
and system errors. 

An alarm page that provides the operators with a view of error states in the 
machine shall be provided. 

2.7.4. Data Archiving 
Data archiving facilities must support collection of all machine parameters once 

every 6 seconds. Beam parameters must be provided at 1 Hz synchronized for up to 1 
hour. Up to 256 beam parameters must also be available at 120 Hz for an extended period 
of time for beam studies. There must be support for collecting up to 8, 128 byte buffers at 
120 Hz for beam position and RF studies. There must be support to archive 1024 data 
entry buffers for up to 500 beam parameters whenever a buffered acquisition request is 
made or generated from the detection of a fault condition. 
 

2.7.5. Machine Configuration Saving, Comparing 
and Restoring  

The machine configuration refers to the state and the hardware settings of all the 
controlled devices on the accelerator. Examples of general devices include the current in 
magnet power supplies, the attenuator and phase shifter settings of klystrons and the 
timing delay of each hardware trigger. Specialized devices such as diagnostics will have 
custom configuration parameters. A software facility is required to Save, Compare and 
Restore (SCORE) the control variables for the entire machine. In this way a machine 
state that has been optimized for operation at a particular beam current or energy, for 
example, may be saved and reinstated at a later date. 
 
Implementation of a SCORE facility requires that a machine “snapshot” be made of all 
process variables (PVs) from every IOC in the machine. This frame of data which 
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captures every PV at one instant in time is sometimes referred to as a PVlog to 
distinguish it from the data archiver referred to in section 2.7.4. The data archiver is 
organized in a different way, such that each PV is stored as a sampled time array. The 
PVlog frame takes all of the PVs and stores them in one array at a single, user-defined 
point in time. 
 
The PVlog frame should be savable from within the higher level applications discussed in 
the next sections in order to record the machine state at any point during a beam 
measurement. 
 
In practice the saving of PVlogs will need to be done in parallel with the saving of SLC 
configuration data in order to obtain a complete picture of the machine. 

2.7.6. Sequencers and state machines 
Many tasks in setting up the machine and monitoring its behavior are repetitive and 
follow a well-defined recipe or procedure and are thus well-suited to automation. In fact, 
many procedures for energizing systems and putting beam through them are better suited 
to control system automated check lists that confirm that preconditions are met before 
proceeding, rather than relying on operator judgment. 
 
Automated procedures can be setup by either having the machine “remember” steps that 
an operator performs and generating a script that can be subsequently edited, or writing 
the logic directly in a high-level programming language. 
 
The high level program scripts run on a state machine that can be an IOC or a virtual IOC 
that runs as a process on a LINUX machine. Either way, this gives the state machine 
access to all the PVs throughout the accelerator. 

2.8. High-Level Applications   
High-level applications are distinct from sequencing scripts in that they refer to high-
level programs that coordinate the acquisition of beam-synchronous and other related 
data along with the control of machine parameters that affect the beam transport 
properties. High-level applications are written to diagnose, tune and optimize the beam. 
The applications are hierarchically structured where a complex task is broken down into 
series of smaller subtasks that can be called from within different procedures. That way 
sophisticated tuning procedures can be built up from a library of simpler applications that 
we build up during commissioning. 
 
High-level applications will be written on a number of platforms to make best use of 
computational facilities and expertise. During commissioning this will include high-level 
applications in the SLC Control Program (SCP). In particular, the general purpose tools 
which have many man-hours of development time invested in them, will be available for 
commissioning. As applications become more specialized to LCLS hardware, 
applications will migrate to platforms supporting EPICS. 
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2.8.1. Online modeling  
Online modeling is a fundamental part of high level application programming. It is 
required to compare the observed behavior of the beam with the ideal behavior. Typical 
beam parameters such as position and size are measured and tuned against the ideal 
values. The online model is required to calculate the transfer matrices for the beam lines 
using the current magnet settings in order to calculate emittances from beam size data. 
 
The online model is also a useful tool for diagnosing lattice errors due to faulty or 
incorrectly wired magnets. 

2.8.2. General purpose applications  
Many applications are generic in nature in that they may be used over any section of the 
beam line. A single interface is supplied and the user selects the region of the machine 
and other specifics before initiating a measurement. Typical examples of generic 
application packages include trajectory display and steering. 
 
Another generic tuning tool implemented in the SCP is the correlation plot package 
where one or two control variables can be scanned over a prescribed range and correlated 
to changes in an arbitrary number of synchronous and non-synchronous acquisition 
variables. The user interface resembles a spreadsheet and offers similar analysis and 
plotting routines. This functionality will be migrated to the EPICS control system. 
 
Many other generic application packages are foreseen and are listed in detail in the PRD 
1.1-307 LCLS High Level Software Application Requirements. 

2.8.3. Specialized physics packages 
Complex measurement tasks such as emittance reconstruction or longitudinal phase space 
diagnostics require more sophisticated steps in the process control of beam line devices 
and in the analysis of the beam data than can be provided by the generic application 
packages. A scripting and analysis programming environment is required to write custom 
application programs for each of the higher level applications listed in PRD 1.1-307. 

2.8.4. Physics applications interfaces  
The user interfaces described in section 2.7 are primarily for engineering monitoring and 
control of the machine. These engineering interfaces are not optimal for numerical 
analysis programming packages. Higher level applications require both scripted process 
control of beamline devices and the availability of numerical analysis libraries. An 
additional programming layer is therefore required to make both machine PVs and model 
RDB information available in a framework where scripts can be written. 
 
The user interface for the high-level applications must have a uniform look and feel for 
operations staff, and the applications must have a standard structure to facilitate 
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maintenance by a software group. This implies that the applications be written by 
professional programmers using Integrated Development Environment (IDE) tools. 
 
Machine physicists, on the other hand, require software tools to develop the applications 
based on the experience gained during commissioning of the machine subsystems. These 
software tools should not require a high level of programming expertise, but should allow 
the user to quickly test scripts for control and analysis. Once the algorithm and analysis 
technique is understood the application can be handed to a software engineer to develop a 
robust package. 
 
A further requirement is that applications packages should ideally be transferable through 
out the growing accelerator and light source community. Since many laboratories are 
already standardizing on EPICS controls systems it would be an enormous advantage to 
also share many of the basic applications packages. 
 
All of these requirements can be met by using the XAL framework adopted at SNS and 
LANL as an interface for writing the high-level applications. The XAL framework 
provides an environment with access to the machine PVs and the model RDB parameters 
on a rich client platform that supports Java, C/C++, Python and MATLAB. The latter is 
particularly attractive for physicists wanting to prototype applications quickly. 

 

3. Subsystem Control 
Subsystem control includes control of all LCLS equipment. These systems are 

integrated and synchronized using the components covered in the previous chapter. They 

Figure 1: Subsystems in the LCLS control system and the various networks. 
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provide the data from the system and the connections to the controllers. This is further 
documented in subsystem ESDs. 

3.1. Electron beam diagnostic systems  
Electron beam diagnostics perform synchronous data acquisition for high-level 
applications, feedback systems and the MPS. 

3.1.1. Bunch charge monitors  
The bunch charge is monitored by both Toroids and Faraday Cups (FCs). Both of these 
devices require similar preamplifiers and therefore have a uniform interface to the control 
system. A trigger from the timing system enables beam synchronous acquisition. A single 
value can be read out from the control system representing the charge on a single pulse. 
In the case of toroids a calibration pulse is required from the control system to determine 
the absolute current intercepted by the toroid. 
 
In the injector region there is also a need to record the waveform of the beam pulse 
measured by either the FC or the toroid. The waveform needs to be displayed over the 
timescale of the klystron pulse so that the dark current can be distinguished from the 
cathode photocurrent. 
  
A third output from the device controller is required to go directly to the MPS in order to 
respond rapidly to a fault where the charge exceeds a limit on one pulse. 

3.1.2. BPMs  
The beam position monitor can record the centroid of the beam in the beam pipe from 
either stripline pickups or from RF cavity resonant pick ups. The accelerator and 
transport lines from the gun to the undulator entrance are equipped with stripline BPMs 
and the undulator uses cavity BPMs to achieve greater position resolution. The resolution 
requirements at each BPM location are given in PRD 1.1-314 LCLS Beam Position 
Measurement System Requirements 
 
Both the stripline and the cavity BPM systems use RF receivers to detect the signal in a 
band that can be recorded directly by a low-noise digitizer. The digitized signal is 
processed to extract the beam position and intensity (TMIT) information. A calibration 
signal is fed to the BPMs between beam pulses to monitor the gains of each processing 
chain. 
 
The beam position signal processing must be done in less than 1 ms in order to satisfy the 
response requirements of the feedback systems. 

3.1.3. Profile Monitors   
Two complimentary methods of profiling the beam to measure its transverse size are used 
through out the LCLS. A screen can be inserted in the beam and the image acquired to 
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give the horizontal and vertical intensity distributions of the beam on a single beam pulse. 
The screens are usually thin enough to cause minimal beam disruption so that the beam is 
still transported cleanly to the final dump, but they are invasive enough to stop the FEL 
from lasing while they are inserted. The wire scanner provides a less invasive profiling 
technique where only a fraction of the beam is intercepted by a fine wire on any beam 
pulse. The wire scanner only returns the time-average projection of the transverse 
intensity profile in one plane at a time, so has less information than the more invasive 
screens. 
 
The two methods for measuring beam size should have a uniform interface to the high-
level application packages so that applications such as emittance reconstruction can be 
used interchangeably with each device. 

3.1.4. Image acquisition 
The principal requirement is that the beam image on a profile monitor be acquired on a 
single shot, so that the diagnostic can characterize pulse-to-pulse variations in the beam. 
This is achievable with commercially available digital cameras that can be externally 
triggered and synchronized to the beam. The resolution requirements for each profile 
monitor determine the number of pixels and the bit resolution required. 
 
The control system must accommodate the frame rate demanded by the users, which can 
be as high as 120 Hz, but 30 Hz has been accepted as a more realistic demand. A 
dedicated camera link is required to maintain this data. The IOC will analyze the images 
to extract the moments of the intensity distribution and make these available as CA PVs. 
The raw image data is kept in a temporary buffer unless specifically saved to a file by the 
user. 

3.1.5. Wire Scanners  
The wire scanner system consists of two parts: The moving stage described in section 
3.6.3 and the signal detection system. The wire moves asynchronously but the beam 
signal is captured synchronously by the control system with a gated analog to digital 
converter (GADC). 
 
The beam finder wires (BFW) in the undulator are fixed and pre-aligned with respect to 
the magnet gap. They are scanned across the beam by moving the undulator support. The 
beam signal will be obtained from the loss monitors located along the undulator. 

3.1.6. Bunch length monitors (BLM) 
The bunch length is either monitored non-invasively on a pulse-by-pulse basis using a 
coherent radiation signal, or invasively on selected beam pulses to analyze the slices of 
the bunch. The invasive technique is used to calibrate the single-pulse BLM signal. 
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3.1.7. Single shot BLM  
Coherent radiation from either a bend magnet or from a diffracting aperture will be 
detected on a long wavelength detector such as pyroelectric detector. The optical 
transport from the electron beamline to the detector requires control of mirror movers and 
filter wheel selectors. The preamplifier from the detector is connected to a GADC. This 
signal should be available as an input to the longitudinal feedback system for control of 
the energy and bunch length. 

3.1.8. RF Transverse deflecting cavity BLM 
RF transverse deflecting cavities are installed in the injector and in sector 24 of the linac 
to “streak” the electron beam on a profile monitor screen. The height of the vertical streak 
is a calibrated measurement of the bunch length. Each portion of the image along the 
vertical strip corresponds to the position along the bunch length. Dividing the image into 
slices allows the transverse beam size to be measured along the bunch, which in 
combination with a quadrupole scan leads to a measurement of the slice emittance. 
 
Measurement of the slice properties of the beam brings together several areas of the 
control system. The RF deflecting cavity phase and amplitude need precise control 
through the LLRF system, beam-based feedback is required to stabilize the RF phase 
using information from the BPMs, the profile monitor and image acquisition systems 
provide the streaked data, and power supply control is needed to scan the quadrupoles 
over a range of values. The steps involved to obtain and analyze the streaked image are 
complex and require a high level of application programs to accomplish them. 

3.1.9. Beam Loss Detectors 
These are used in the MPS where they are interlocked to turn off the beam if the loss 
exceeds a specified threshold. The same types of devices are also used in conjunction 
with diagnostics such as the wire scanners to measure a signal proportional to beam 
intensity when a wire intercepts the beam. This requires that the output from a beam loss 
detector be read synchronously on a pulse by pulse basis. 
 
The monitors can be ionization chambers requiring high voltage supplies and charge-
integrating GADC inputs. Photomultiplier tubes may also be used to measure the light 
from Cerenkov detectors. 
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3.2. Photon beam diagnostics 
The photon beam systems at the exit of the undulator are shown in Figure 2. The control 
of these devices falls into the categories of: 

 motion control for insertion and positioning 
 vacuum controls for the gas attenuator and beam transport 
 image acquisition for gathering spatial distribution of the beam 

The requirements for the principal subsystem are listed below. 

3.2.1. Direct Imager cameras 
The direct imaging system has several similar configurations. A scintillator screen is 
inserted into the photon beam, and a camera images the beam spot. Resolution and field-
of-view requirements dictate data sizes of 1-2 MB per image. The frame rate for 
commissioning can be 10 Hz, but eventually 120 Hz capture will be required to analyze 
the jitter behavior of the beam. 
 
The direct imager may need interlocking with the MPS to ensure that during routine 
operation it is not exposed to the full brightness FEL beam which could damage it. 

3.2.2. Indirect imager 
A crystal or multilayer surface will be inserted in the photon beam on an optical stage so 
that the beam can be viewed indirectly on a CCD camera. 
The camera control requirements are the same as for the direct imager. In both cases the 
camera is equipped with multiple motor controls of position and alignment. Spectral 

Figure 2: Schematic of the photon diagnostics at the exit of the undulator and downstream of the muon 
shield (drawing courtesy R. Bionta). 
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information on the FEL is to be measured in this setup, so it is expected that the 
insertable mirror optical stage will have fine positioning and readback controls.  

3.2.3. Total Energy Calorimeter  
 
This device requires controls for insertion in the beam line where it will measure the total 
energy of the beam. The calorimeter is segmented in 250 um pixels over a 2.5 mm field 
of view.  

3.2.4. Optics 
Under this general heading come the various motion controls for mirrors, scintillators, 
zone plates and lenses that are associated with the above devices. 

3.2.5. Attenuators 
Solid attenuators need simple motion control and read back of their in/out status in the 
beam line. 
 
The gas attenuator system needs position control of entry and exit apertures and valves. 
The high pressure gas contained between the apertures needs vacuum controls and 
monitoring, as described in section 3.7. In addition to the regular vacuum valve 
controllers there is also a requirement for control of flow restrictor valves to regulate the 
pressure in the attenuator. 
 

3.3. End Station Controls 
The end stations housing the user experiments will be supported with networks providing 
a direct link to the EPICS control system. A link to the timing system will also be 
provided so that users have access to the same beam triggers used in the electron beam 
systems. The link to the EPICS control system through Channel Access gives the users 
access to all the time-stamped data pertaining to beam status. It is expected that user 
experiments will have their own set of controls that are compatible with the LCLS EPICS 
controls. 

3.4. Power supplies  
Power supplies and their controllers can be categorized according to their size, required 
precision and response time to feedback corrections. The stability requirements are 
summarized in the PRD 1.1-006 Requirements for LCLS Magnets. The LCLS makes use of a 
mixture of new and existing supplies on the SLAC linac. At issue is not just the control of 
new power supplies for LCLS but the operation and stability of the existing supplies at 
low current settings for the low-energy LCLS beams. 
 
The control system monitors the stability of the supplies and the control architecture 
should take long-term reliability of the supplies into consideration. 
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3.4.1. Small corrector supplies  
These are used for dc steering of the beam. In some cases the corrector is the actuator for 
the trajectory feedback system, in which case the supply must respond to a prescribed 
change between the 120 Hz pulses. The greatest fraction of the 8.3 ms is allotted to the 
slow field change due to eddy currents in the magnet. The control system is allocated less 
than a millisecond to change the value of a feedback magnet. 

3.4.2. Intermediate supplies  
Focusing magnets such as the gun solenoid and the beamline quadrupoles are controlled 
by DC intermediate supplies. 

3.4.3. Large supplies 
Large power supplies are used for the dipole strings in bunch compressor chicanes and 
dog-leg beam lines, where the stability tolerances are the tightest. 

3.4.4. Pulsed supplies 
The single bunch beam dumper (SBBD) uses a pulsed power supply that is capable of 
selectively kicking the beam at 120 Hz. The supply operates at a fixed repetition rate and 
the timing of the pulsed magnet is shifted to be synchronous with the beam on pulses 
where the control system deems that the beam should be dumped.  The beam rate 
entering the undulator beyond the SBBD is determined by the timing rate at the SBBD. A 
high degree of reliability and monitoring is required for the SBBD as it is also the active 
protection device for the MPS. 
 
Pulsed magnets are also used in the linac for diagnostic purposes. A pulsed magnet can 
deflect the beam onto an off-axis profile monitor screen on a pulse-by-pulse basis so that 
invasive diagnostics can be performed in a “pulse stealing” mode. The RF transverse 
deflecting cavity measurements of bunch length will be done in this mode, where the 
beam is pulsed onto a screen at 1 Hz and 119 Hz is available to the FEL user. 
 
The timing system needs to identify these pulses so that beam synchronous acquisition 
can distinguish between the two beam destinations. 

3.5. Low Level RF Control 
Low level RF control (LLRF) is composed of: 

 generation of a low-noise RF reference clock 
 stable distribution of the LLRF reference to klystrons, lasers and phase 

measurement systems 
 measurement of the RF phase and amplitude (PAD) 
 control of the RF phase and amplitude (PAC) 

The requirements given in ESD 1.1-301 RF Controls Requirements are dominated by the 
phase stability requirement stemming from the physics tolerance on the bunch length. 
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The short term (<10s) phase stability has been demonstrated to be met by the SLAC S-
band klystron system. Longer term drifts in the critical gun, L0 and L1 RF distribution 
are kept to a minimum by keeping the cables under environmental control. The final 
arbitrator of the beam phase with respect to the RF is the measurement of energy and 
bunch length. Beam based feedback described in section 2.5 will be used to provide 
ultimate control of the LLRF to the critical klystrons. 

3.6. Motion control  
Motion control is divided into two categories. A simple two-state actuator is used for 
devices that need to either in or out. These are pneumatically operated with solenoid 
valves and report their status with limit switches. Other devices need to be scanned over a 
range of positions using motors and screw drives with position readback. 

3.6.1. Stoppers  
Stoppers are inserted in the beamline as means of temporarily parking the beam to 
prevent it being transported all the way to the main dump. Since this is usually done to 
protect downstream system during tune up of upstream components the state of the 
stoppers is communicated to the MPS. Some stoppers are equipped with profile monitor 
faces and video cameras for quick visual verification by operators when they are in. 
Some stoppers are equipped with burn through monitors (BTMs) as part of the Beam 
Containment System (BCS) to shut off the beam if it burns a hole through the stopper. 

3.6.2. Profile monitors  
Profile monitors are inserted in the beam so that the beam size and position can be 
recorded and measured with a video camera. Several different screen types are employed 
through out the machine depending on the beam energy at each location and the desired 
resolution for the measurement. As with stoppers, their in/out status is monitored with 
limit switches. Profile monitors have ancillary functions associated with them for screen 
illumination, attenuation and polarization control of the light. Since they are invasive 
their status is communicated to the MPS. 

3.6.3. Wire scanners  
Wire scanners use stepping motor control to scan a fine wire through the beam while a 
downstream beam loss monitor records the intensity of the intercepted portion of the 
beam. The position of the moving stage holding the wire is recorded with a position 
sensing device. The mechanical limits of the stage motion are defined by limit switches. 
The resolution requirements at each of the wire scanner locations are given in PRD 1.1-
323 Linac Wire Scanner System Requirements.  
 
The wire scanner controller will determine the range and speed of the motion and the 
park locations at the end of a scan. The wire scanner system will provide beam profile 
data with beam widths and positions for use by other applications. 
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3.6.4. Collimators 
Collimators are an adjustable aperture for the electron beam which are used either to 
reduce its transverse size at that location or provide a limiting aperture to prevent a badly 
tuned beam from propagating further downstream. Collimators are setup by scanning 
them across the beam and observing downstream devices such as BPMs and loss 
monitors. The controls requirements are therefore the same as for wire scanners, except 
that the collimator jaw may be parked in the beam at the end of the scan instead of being 
withdrawn like a wire scanner. 

3.6.5. Magnet movers  
Magnet movers are used to remotely align beam line magnets, mainly in the undulator 
systems, to center them on the measured beam axis. Fine motion control using stepping 
motors and position readback is required, with limit switches, as used in the wire scanner 
and collimator control. In the case of the undulator magnets the mechanical assembly 
may be remotely moved right off the beamline. 

3.6.6. Laser mirror steerers 
Fine motion control with readback is required for tilting optical mirrors in x and y to steer 
laser beams onto the required path. Some of these will be in closed loop systems to 
maintain optical steering in the presence of slow drifts. 

3.7. Vacuum  
The control system requirements for the vacuum system are outlined in ESD 1.1-326 
Vacuum Controls Requirements 

3.7.1. Gauges 
The value of gauge readings is made available to the control system both for long-term 
archiving and for alarm monitoring 

3.7.2. Valve actuators and interlocks 
.A vacuum valve logic controller determines whether a valve can be opened or closed 
according to the state of the machine, other valves and measured vacuum pressure. The 
controllers are stand alone units which can be operated independently of the rest the 
control system, but always report their status to the control system. They also allow for 
remote control. 


