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1 Vacuum System Overview 

1.1 Scope of Work 
The LCLS vacuum system can be separated into two parts: mechanical vacuum devices and controls 
vacuum devices.  Mechanical devices are those that are physically part of the beam line or waveguide 
vacuum system: vacuum valves, vacuum gauges, and vacuum pumps.  Controls devices are the remaining 
hardware needed to build a complete vacuum system: controllers for the vacuum valves, gauges, and 
pumps; devices used to perform interlocking functions; and the vacuum portion of the EPICS control 
system.  The interface between mechanical and controls devices is described in detail in Vacuum Controls <-> 
Vacuum Mechanical (ICD 1.1-510). 

This document describes the mechanical vacuum devices and controls hardware for the LCLS Linac-to-
Undulator, Undulator and Electron Dump vacuum systems.  Controls requirements are detailed in Vacuum 
Controls Requirements (ESD 1.1-326).  Mechanical requirements are detailed in LCLS Mechanical Vacuum 
Specifications (ESD 1.1-302).  

1.2 Naming Convention 
Vacuum devices are named following the LCLS Control System naming convention.  Each device name has 
three fields: Device Type, Area, and Position.  The following table gives more information about these fields 
as they apply to vacuum devices. 

Field Abbreviation Meaning 
Device Type VVPG Pneumatic Gate Valve 
 VVMG Manual Gate Valve 
 VVFS Fast Shutter 
 VPIO Ion Pump 
 VGCC Cold Cathode Gauge 
 VGPR Pirani Gauge 
 VGHF Hot Filament Gauge 
 VGCP Convectron Gauge 
Area BSY Beam Switchyard 
 LTU1 Linac-to-Undulator 
 UND1 Undulator 
 DMP1 Electron Beam Dump 
Position ### Position along the beam line 
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2 Vacuum Control System Architecture 

The vacuum control system uses a Programmable Logic Controller (PLC) to monitor and control vacuum 
devices and to perform interlocking functions.  An EPICS Input Output Controller (IOC) performs some 
auxiliary control functions and provides an interface to the LCLS global control system. 

 

Figure 2: Typical block diagram of a vacuum system 

The vacuum control system consists of four layers of devices: mechanical vacuum devices such as gauges, 
pumps, and valves; local, rack mounted controllers for those mechanical vacuum devices such as gauge, 
pump, and valve controllers; a PLC to perform input/output and interlocking functions; and an EPICS IOC 
to provide an interface to the LCLS global control system.  The following sections describe each of these 
layers in more detail. 

2.1 Mechanical Vacuum Devices 
Mechanical vacuum devices are gauges, pumps, roughing valves and gate valves installed on beam lines.  
Mechanical vacuum devices are specified by the LCLS Mechanical Engineering group. The selection process 
of LCLS vacuum hardware includes discussions between the LCLS Mechanical Engineering Group, LCLS 
Controls Engineers and LCLS engineering staff from Lawrence Livermore National Lab and Argonne 
National Lab.  See Vacuum Controls <-> Vacuum Mechanical (ICD 1.1-510) and LCLS Mechanical Vacuum 
Specifications (ESD 1.1-302) for more information. 

2.2 Device Controllers 
Device Controllers are standalone devices that typically supply power to mechanical vacuum devices and 
provide status of the devices.  Examples are vacuum gauge controllers, ion pump controllers, and valve 
controllers.  Controllers are typically installed in racks in a support building near the devices they control, 
thereby providing a means of local control of the devices.  

The SLAC Controls Department selects the controllers for the vacuum system.  The selection of gauge and 
pump controllers is a collaborative effort between controls personnel and mechanical engineering personnel 
at SLAC, Lawrence Livermore National Lab, and Argonne National Lab. 
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2.3 Programmable Logic Controller (PLC) 
A Programmable Logic Controller (PLC) is a system consisting of a small and rugged computer and a 
variety of communication modules and input and output modules.  PLCs are widely used in factory 
automation.  The vacuum PLC serves two purposes: it is the primary control system interface for status and 
control of vacuum controllers, and it provides vacuum system interlocks.  The PLC communicates with the 
controllers using 24V digital or 0-10V analog signals.   

2.3.1 Allen-Bradley PLC 
The vacuum PLC is a ControlLogix PLC made by Allen-Bradley.  In a typical vacuum system installation, a 
master PLC crate holds a CPU module, model 1756-L61.  ControlNet modules are used for communication 
between the master crate and several slave crates.  An Ether-IP module connects the master PLC crate to the 
EPICS control system network.  Various digital and analog input and output modules are installed in all the 
PLC crates to connect the PLC to controllers and to other subsystems.   

The PLC executes ladder logic code programmed with Allen-Bradley RSLogix software installed on a 
Windows PC.  After the code has been downloaded to the PLC, the PLC is a standalone device that does not 
require a network connection to execute its code.  The PLC used for the vacuum system stores its logic code 
in non-volatile memory, meaning that it retains its programmed code after a power failure without need for 
a battery backup. 

2.4 Experimental Physics Industrial Control System (EPICS) Input Output Controller 
(IOC) 

The EPICS Input Output Controller (IOC) is a VME single board computer connected to the global control 
system Ethernet network.  The IOC communicates with vacuum devices in two ways: (1) The IOC can send 
commands to and receive status from the PLC over the Ethernet network using the EPICS ether-ip driver; 
and (2) The IOC communicates with some vacuum controllers via RS-232 serial links. 

2.4.1 Ether-IP Driver 
The EPICS ether-ip driver allows an EPICS IOC to read tags stored on the PLC.  This makes it possible to 
transfer all the vacuum information stored in the PLC to an EPICS database, where it can be viewed by 
vacuum system users and archived by the global control system.  The driver also allows the EPICS IOC to 
write to tags on the PLC, providing a means for EPICS to control devices connected to the PLC.  The ether-ip 
driver is not capable of changing the ladder logic programming of the PLC. 

2.4.2 RS-232 Serial Connections 
Vacuum controllers with RS-232 serial interfaces are connected to a terminal server, which is connected to 
the EPICS IOC on the Ethernet network.  This allows the EPICS IOC to communicate directly with those 
controllers.  This serial link is used for non-essential status and control of the vacuum controllers; the PLC is 
used for primary control and status of devices and for interlocks.  The vacuum control system is designed to 
function properly even when the RS-232 serial links are not functional. 
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3 Controls Equipment for Valves, Pumps, and Gauges 

This section describes the equipment used for control and status of valves, pumps, and gauges. 

3.1 Pneumatic Gate Valves 
Pneumatic gate valves are installed at regular intervals on the beam 
line. The distance between gate valves along the beam line is 
determined by the beam line location and the expected maintenance 
interval of the vacuum system in question.  Each valve is interlocked 
to a group of gauges and/or pumps in order close the valve 
automatically if the pressure near the valve increases beyond a 
predetermined set point.  Controls for valves allow users to close 
valves and open valves provided that the interlocks are made up.  
Expert users have the ability to override or bypass the interlocks.  
More information about valve interlocks is provided in Section 5.1. 

 

3.1.1 Pneumatic Gate Valve, Valve Control Panel, and VAT Valve Local Controller (J-Box) 
Pneumatic gate valves are VAT Series 48. This is an all-metal gate valve that is radiation hard to 105 Gy and 
bakeable to 200°C. Pneumatic gate valves are operated remotely via compressed air.  (See Section 3.2 for 
information about manually actuated gate valves.)  Each pneumatic valve has inputs for two compressed air 
lines, one used for opening the valve, and another for closing the valve.  An external air solenoid diverts 
compressed air to one input or the other to open or close the valve.   The external solenoid valve requires a 
24V input signal in order to hold the valve in the opened position. If the valve is in the closed position, no 
external power or compressed air is required to keep the valve closed. 

Each valve has two limit switches indicating the opened and closed extremes of the valve’s range of motion.   

A panel with valve-related equipment is installed in the 
tunnel near each gate valve.  The panel includes the 
incoming air supply line (typically 125 PSI), an adjustable 
pressure regulator to decrease the pressure to a level 
necessary for control of the valve (typically 80 PSI), an air 
pressure indicator used to determine whether air pressure 
is adequate for valve control, and the external air solenoid 
used to open and close the valve.   

The air supply for each valve includes a reservoir that 
holds a volume of air at the supply pressure (typically 125 
PSI).  If the compressed air system fails, this reservoir 
contains enough pressurized air to close each valve one 
time only. This function is there to ensure that the 
vacuum system can be brought to a safe state in case of a 
problem with the compressed air system. 

The panel also contains a custom-built control box called a 
VAT Valve Local Controller, or more commonly called a 
J-Box.  The J-Box has lights indicating the status of the valve opened limit switch, the valve closed limit 
switch, and the air pressure switch.  The J-Box also has a key switch that allows vacuum experts to open or 
close gate valves locally, overriding all valve interlocks, provided that they have previously set the valve 
control system to J-Box mode (see Section 2.1.2).  The J-Box key can be removed for safe-keeping during, for 
example, vacuum system maintenance. 

Figure 3.1 VAT series 48 Pneumatic 
gate valve 

Figure 3.1.1 Valve panel with pressure sensor, 
pressure regulator, and J-Box 



 

 

ESD 1.3-141-r0 Check the LCLS project website to verify 
7 of 12 that this is the correct version prior to use. 

  
 

3.1.2 A-B PLC Two Valve Control Panel 
The Allen-Bradley PLC Two Valve Control 
Panel is a custom-built box occupying two 19 
inch rack units.  It is installed in the support 
building associated with the gate valve it 
controls.  It provides a means of opening or 
closing valves and monitoring the status of 
valves from a support building.   

The A-B PLC Two Valve Control Panel has a four-position key switch that allows the user to select one of 
four valve control modes: 

• EPICS Control: Open valve and close valve commands must come from the EPICS control system.  
Valve interlocks are active in this mode. 

• Local Control:  Open valve and close valve commands must come from buttons on the A-B PLC 
Two Valve Control Panel.  Valve interlocks are active in this mode. 

• J-Box Control:  The valve can be opened or closed using the valve’s J-Box, which is installed in the 
tunnel near the valve.  All valve interlocks are bypassed in this mode.  The J-Box has absolute 
control of the valve. 

• Closed:  The valve is locked closed.  The control system cannot open the valve. 

The key for the A-B PLC Two Valve Control Panel can be removed for safe-keeping during maintenance of 
the vacuum system. This feature ensures that the gate valves will remain closed for as long as deemed 
necessary by the vacuum service personnel. 

The A-B PLC Two Valve Control Panel has buttons that allow the user to open or close each valve, or to 
reset the interlock summary for each valve.  These buttons are active only when the valve is in local control 
mode.  The panel also has lights indicating the status of the valve’s opened limit switch, closed limit switch, 
and air pressure sensor.  It also has an indicator light for each valve showing whether the valve’s interlock 
summary is made up.   Nine additional sets of indicator lights can be used to show status of individual 
gauges or pumps interlocked to the valves.  Each set of lights shows OK, Faulted, or Bypassed status. 

The buttons and indicators on the A-B PLC Two Valve Control Panel simply send signals to or receive status 
from the PLC.  The panel does not contain interlock logic.  The only function on the panel that is 
independent of the PLC is the four position valve mode key switch.  The switch has two modes that 
override the PLC: J-Box mode and valve closed mode.  In EPICS mode and local mode, the PLC has control 
of the valve solenoid. 

3.1.3 PLC 
The Allen-Bradley ControlLogix PLC executes the interlock logic for the valves.  Because the PLC receives 
set point status from all gauge controllers and pump controllers (see Sections 3.3.3 and 3.4.3), the PLC can 
associate each valve with any combination of gauges or pumps.  Interlock logic cannot be changed without 
reprogramming the PLC’s ladder logic.  A key switch on the PLC prevents reprogramming by unauthorized 
personnel.  Each gauge or pump has a “bypass” bit in the PLC to allow gauges or pumps to be individually 
bypassed from EPICS.  More information about valve interlocks is provided in Section 5.1. 

The PLC sends a 24V digital signal to the A-B PLC Two Valve Control Panel for valve control: the valve 
remains opened if the signal is high, and the valve is closed if the signal is low.   

3.1.4 EPICS IOC 
The EPICS IOC receives from the PLC valve opened limit switch status, valve closed limit switch status, air 
pressure indicator status, valve interlock summary status, and bypass status for pumps and gauges. 

The EPICS IOC sends commands to the PLC to open and close valves, reset valve interlocks, and bypass 
pumps or gauges. 

3.1.5 Cable Plant 
Two long haul cables connect the A-B PLC Two Valve Control Panel to the J-Box: an 18 gauge, 8 conductor 
cable and a 12 gauge, 3 conductor cable.  These cables carry 24VDC signals and are not designated as a high 
voltage cables. 

Figure 3.1.2 AB PLC Two Valve Control Panel 
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3.2 Manual Gate Valves and Manual Roughing Valves  
Every second gate valve in the Linac-to-Undulator (LTU) beam line is a manual gate valve. The gate valves 
in the Undulator and electron beam dump vacuum system are pneumatic. 

3.2.1 Manual Gate Valve 
The manual gate valve is a VAT series 48 valve. It is radiation hard to 105 GY and bakeable to 200°C. Each 
manual valve is equipped with two limit switches indicating the opened and closed extremes of the valve’s 
range of motion. The valve is opened or closed with a hand-wheel on the valve. 

3.2.2 Manual Roughing Valve, a k a Pump-out Valve 
Every vacuum envelope between two gate valves or a gate valve 
and a dead-end vacuum envelope, must have a roughing valve. 
The roughing valve allows the vacuum envelope to be pumped 
down, leak checked and/or purged with boil-off from liquid 
nitrogen during vacuum system maintenance. 

LCLS uses VAT series 54 “Easy-Close” manual roughing valves 
with 1.5” internal bore and 2 ¾” Conflat flanges. The roughing 
valve does not have a remote status indicator. The roughing 
valves are only allowed to be operated by qualified and specially 
trained personnel. 

3.2.3 PLC 
The opened or closed status of each manual gate valve is an input to the PLC. 

3.2.4 EPICS IOC 
The EPICS IOC receives valve opened and valve closed limit switch status for each manual gate valve from 
the PLC. 

3.2.5 Cable Plant 
The long haul cable connecting the PLC to the manual valves is an 8 conductor, 18 gauge cable.  It carries 
24VDC signals and is not designated as a high voltage cable. 

Fig. 3.2.2 VAT series 54 roughing 
valve 
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3.3 Ion Pumps 
Ion pumps are installed at regular intervals on beam lines to provide pumping for the vacuum system. 

3.3.1 Ion Pump 
Ion pumps for LCLS are of the noble diode type, requiring 
power supplies with positive polarity. The size of the ion 
pumps is either 20 liters/second or 40 liters/second. All 
ion pumps, regardless of vendor, are equipped with a gold 
plated Varian Starcell high voltage feed-thru. This is to 
provide a uniform interface for the high voltage short-haul 
cable, a k a “pigtail.” The LTU and the Dump region use 
ion pumps from Varian. The Undulator vacuum system 
uses ion pumps from Gamma Vacuum. Ion pumps from 
both vendors operate at 5.6 kV. The ion pump current is 
typically in the μ-Amp range when the pressure is below 
1E-6 Torr. Care should be taken not to exceed a maximum 
power draw of 5 Watts/ion pump. If an individual ion 
pump of the size mentioned above, is allowed to draw 
more than 5 Watts there is a risk that the pump is 
damaged. 

3.3.2 Gamma Digitel Multiple Pump Controller (MPC) 
The Gamma Digitel MPC has two high voltage output 
channels.  Each output channel operates at 5.6 kV with a 
maximum output current of 100 milliamps.  The MPC has 
internal protection that switches off an ion pump if arcing 
is detected or if the pump draws too much current. 

 

3.3.3 PLC 
The PLC can switch each channel of the Gamma Digitel MPC on or off, overriding commands from the front 
panel of the MPC.  The PLC also receives analog input signals representing the voltage of each channel and 
the pressure of each channel.  The analog signal representing voltage is converted in the PLC to an on/off 
status, because the on/off status of the MPC is not available as a digital output.  The PLC receives digital 
input signals representing the process set points of the ion pumps. 

3.3.4 EPICS IOC 
The EPICS IOC receives from the PLC ion pump voltage and current measurements for each power supply 
channel.  It also receives process set point status for each set point and the PLC’s on/off status for each 
power supply channel, which is computed from the analog pump voltage signal.  The IOC can send 
commands to the PLC to switch any power supply channel on or off. 

The EPICS IOC receives from the RS-232 port on the Gamma Digitel MPC detailed information about each 
process set point, on/off status for each power supply channel, and controller configuration information 
such as power supply size, output voltage, and pump size.  The IOC can change process set point 
parameters via the RS-232 port. 

3.3.5 Cable Plant 
Two cables are used to connect the Gamma Digitel MPC to the ion pump: a long haul cable (type C) that 
runs from the controller to a high voltage junction in the tunnel, and a short, pigtail cable (Times 
Microwave) that connects the high voltage junction to the pump.  Both cables are operated at 5.6 kV.  The 
type C long haul cable is rated for 20 kV, and the Times Microwave pigtail cable is rated for 7.5 kV.  All 
connectors on both cables are rated for 10 kV. 

Fig. 3.3.1 Varian ion pumps, various sizes 

Fig. 3.3.2 Gamma Multiple Pump Controller 
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3.4 Cold Cathode and Convection-Enhanced Pirani Gauges 
The LCLS standard gauge installation is two vacuum gauges installed together: a convection-enhanced 
Pirani gauge for low vacuum pressure measurement, and a cold cathode gauge for high vacuum pressure 
measurement. Every isolated vacuum envelope must have a set of vacuum gauges, measuring the pressure 
from atmosphere to well below the base pressure for the vacuum system in question. The Pirani and cold 
cathode gauges used for the LTU, Undulator and electron Beam Dump vacuum system are from the MKS 
company. 

3.4.1 MKS 422 Cold Cathode Gauge and MKS 317 Convection-Enhanced Pirani 
Gauge 
The MKS type 422 cold cathode gauge is an enhanced version of the existing 421 
sensor already in use elsewhere at SLAC. The type 422 cold cathode gauge is 
specifically designed for an accelerator vacuum environment. All cold cathode 
gauge components are radiation hard. The cold cathode gauge can operate during 
bake-out up to 250°C. It measures pressure from 1E-3 torr to 5E-11 torr. The gauge 
uses LEMO radiation-resistant connectors. It has separate ion current and high 
voltage connector (increases accuracy of pressure measurement, no need for Triax 
connectors/ cables). The type 422 cold cathode gauge is CE compliant. The gauge 
is mounted on a 2 ¾” Conflat flange. 

 

The MKS type 317 Convection-Enhanced Pirani gauge measures pressure from 
atmosphere to 1E-3 torr. Unlike other pirani gauges the MKS type 317 can be 
mounted in any direction. The gauge is factory calibrated. Gauges and controllers 
are interchangeable. The gauge is radiation resistant and bakeable to 250°C with 
electronics removed. The gauge is CE compliant. 

 

 

3.4.2 MKS HPS Series 937A Gauge Controller 
The HPS Series 937A Gauge Controller is the standard gauge 
controller for LCLS.  The typical controller configuration allows 
simultaneous control of two cold cathode gauges and two 
convection-enhanced Pirani gauges.  An internal interlock in the 
gauge controller switches the cold cathode gauge off when the Pirani 
gauge measures high pressure and on when the Pirani gauge 
measures low pressure. 

The 937A has one programmable process set point output for each gauge.  Process set points can be 
configured from the front panel of the controller, or with RS-232 serial port commands. 

3.4.3 PLC 
The PLC receives one 24V digital input for each gauge set point and one 0-10V analog input for each gauge. 

3.4.4 EPICS IOC 
The EPICS IOC receives set point status and pressure readings from the PLC.  It receives detailed set point 
information and can reconfigure process set points via the RS-232 interface to the controller. 

3.4.5 Cable Plant 
Each cold cathode gauge requires one type C cable and one RG58 cable.  These cables are installed in two 
segments: the long haul segment, which runs from the controller, through cable trays, to a junction in the 
tunnel; and a pigtail cable that connects the junction in the tunnel to the gauge.  The type C cable is routed 
as a high voltage cable in the cable trays. 

Each Pirani gauge requires one four pair, 18 gauge cable.  This cable is installed in two segments: the long 
haul segment, which runs from the controller, through cable trays, to a junction in the tunnel; and a pigtail 

Fig. 3.4.1a MKS Cold 
Cathode gauge type 422 

Figure 3.4.2 MKS 937A Gauge Controller 

Figure 3.4.1b MKS Convection-
Enhanced Pirani gauge type 317 
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cable that connects the junction in the tunnel to the gauge.    These cables carry small control voltages and 
are not designated as high voltage cables. 

4 Safety 

4.1 LCLS Vacuum Safety Review 
A vacuum safety review of the LCLS vacuum system was completed on September 28, 2005.  Materials from 
the review are available online at 
https://www-lcls-internal.slac.stanford.edu/slaconly/Injector-Linac-Meeting-Minutes/Injector-Linac-
Vacuum/LCLS_Inj_Mech_Vac_FDR/LCLSVacuumSafetyReview/ 

4.2 SLAC Electrical Equipment Inspection Program (EEIP) Compliance 
All electrical equipment installed at SLAC must comply with SLAC’s Electrical Equipment Inspection 
Program (EEIP).  The following table lists electrical vacuum components and the status of EEIP compliance 
for each component.   

Component Status of EEIP Compliance 
Allen-Bradley ControlLogix PLC Complies with EEIP rules because it is UL Listed 
Gamma Digitel Multiple Pump Controller Approved under SLAC EEIP  
HPS MKS 937A Gauge Controller Approved under SLAC EEIP  
SLAC A-B PLC Two Valve Control Panel No EEIP inspection required because its power is 24VDC 

 

4.3 Cable Plant 
4.3.1 Gamma SafeConn Cables vs. Type C Coaxial Cables 

The Gamma Multiple Pump Controller can be installed with Gamma SafeConn cables, which contain a type 
C ion pump cable and two additional wires that create a low voltage interlock loop.  The interlock loop is 
used by the controller to sense if an ion pump high voltage cable has been disconnected.   

The SLAC Electrical Safety Officer has determined that the SafeConn interlock is not required for ion pump 
cables installed at SLAC.  Using SafeConn cables would not change requirements for lock-and-tag during 
ion pump maintenance.  SafeConn cables add significant cost to the cable plant and occupy more space in 
high voltage cable trays.  The SafeConn cable sold by Gamma is not a low smoke, non-halogenated cable.  
For these reasons the SafeConn cables are not used.  Pump cables are type C cables like those used for all 
other ion pumps at SLAC. 

4.3.2 High Voltage Cable Designations 
The following table lists vacuum system cables designated as high voltage cables. 

Cable Cable Type Description 
Ion pump high voltage cable Type C 5.6 kV, 100 mA maximum 
Cold cathode gauge high voltage cable Type C  

All other vacuum system cables are considered low voltage cables. 

4.3.3 Low-Smoke Non-Halogenated Cables 
All vacuum system cables that enter cable trays are low smoke, non-halogenated cables. 
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5 Interlocks 

5.1 Valve Interlocks 
5.1.1 Requirement 

Valve interlocks are required in order to prevent the spread of a vacuum leak in the accelerator beam line 
and to close valves during access to a PPS region.  See Vacuum Controls Requirements (ESD 1.1-326), Section 
2.3, for a complete description of valve control requirements. 

5.1.2 Description 
Valve interlock logic is stored in the PLC.  For each pneumatic gate valve, the PLC executes an interlock 
routine that monitors process set points from gauge controllers and/or pump controllers and the access 
state of the PPS region where the valve is installed.  If any set point is faulted or if the PPS access state is 
controlled or permitted access, the PLC closes the valve.  Each of these inputs to the PLC can be bypassed 
from EPICS by users with appropriate privileges.   The interlock logic is protected against unauthorized 
modification by a key switch on the front of the PLC.  

Process set points for all gauges and pumps are stored in the gauge controllers and pump controllers.  
Process set points can be changed from the front panel of the controllers or from EPICS. 

5.1.3 Response Time 
No more than 100 msec will pass between the time that the PLC receives a faulted process set point input 
and the time that the PLC sends a command to close the gate valve. 

6 External Interfaces 

6.1 Interface to Machine Protection System (MPS) 
Status of all pneumatic and manual beam line valves is sent to the Machine Protection System (MPS) so that 
the MPS can prevent the electron beam from striking a valve.  See Vacuum Controls Requirements (ESD 1.1-
326), Section 2.4.1. 

 

6.2 Interface to Personnel Protection System (PPS) 
Status of each PPS region is sent from the PPS to the vacuum control system.  This allows the vacuum 
control system to close valves when a PPS region is in controlled or permitted access. 

  


