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1. Introduction: 
 
The AMO instrument, being built as a part of the LCLS project at SLAC, includes 
numerous motors, electrostatic elements, detectors, etc. that require computer based 
controls.  In addition, the chaotic nature of the LCLS pulses, arriving at 120 Hz, will 
necessitate pulse-by-pulse acquisition of data from the various detectors and diagnostics 
in the instrumentation with binning/averaging to occur at a later time through 
manipulation of the data files based on user defined criteria.  The controls hardware and 
software for the AMO instrumentation are described in this document.  Data acquisition 
hardware and software specifications are outlined in a separate document. 
 
Instrumentation for the AMO experiments begins downstream of the first vacuum gate 
valve on the line in hutch 2, immediately downstream of the hutch 1 – hutch 2 shield 
wall.  A schematic representation of the AMO instrument, which is located entirely in 
hutch 2 of the near experimental hall (NEH) is shown below in Figure 1. The AMO 
instrumentation will be installed towards the back of hutch 2 of the NEH on the inboard-
most soft x-ray branch line of the LCLS.   The experimental apparatus is separated into 
two main chambers, the “high field physics” chamber, which includes the primary 
experimental instruments designed to conduct the primary physics; and downstream of 
that, the “diagnostics” chamber which has instruments designed primarily to measure 
properties of the FEL beam such as wavelength, pulse energy, etc.  Additional vacuum 
chambers will have focusing optics and a single pulse shutter upstream of the high field 
physics chamber.  The layout of the instrumentation in the hutch is shown below in 
Figure 2.  Design of the instrumentation is described more thoroughly in the associated 
Engineering Specifications Documents:  

1.6-100 AMO Chamber and Stands 
1.6-101  AMO Focusing Optics 
1.6-102 AMO Electron Spectrometers 
1.6-103 AMO Ion Spectrometers 
1.6-104  AMO Gas Jet 
1.6-106 AMO Diagnostics 
1.6-110 AMO Magnetic Bottle Spectrometer 
1.6-111 AMO X-ray Spectrometers 

The AMO instrument can be separated into four functional vacuum regions: 1) the single 
pulse shutter including the spools between the hutch’s front valve and the focusing 
optics; 2) the focusing optics; 3) the high field physics chamber and 4) the diagnostics 
chamber.  The design of the controls hardware and software for each system and 
subsystem will be described in some detail and followed with a component list.  
Similarly, the data acquisition hardware and software specifications will be described for 
each instrument with a summary list towards the end of the document. 
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Figure 1: Schematic of the AMO Instrument showing the major components.  Not all of the control 
elements, in particular those for the spectrometers, are shown. 

 
Figure 2:  Top view of the layout of the AMO instrument in hutch 2 of the near experimental hall.  
Trajectories of the hard x-ray and two soft x-ray beams are shown.  Equipment racks for the instrument are 
indicated in black. 
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Figure 3:  Drawing of the AMO instrumentation with the four principle components labeled.  The high 
field physics chamber is located upstream of the diagnostics chamber which is on the right in this view.   
 
2. Equipment Stands: 
 
Three of the major pieces of instrumentation are mounted on separate stands with 
dynamics positioning: the focusing optics, the high field physics chamber and the 
diagnostics chamber.  Although unique in there individual design, the stands uniformly 
consist of two separate parts, a lower frame that is bolted to the floor and an upper frame 
that is connected to the lower frame through struts or slides.  Each stand will be equipped 
with six axis of motion actuated by stepper motors to allow free positioning of the 
instrument it carries in X, Y and Z and pitch, roll and yaw.  Each axis of motion will be 
fitted with limit switches.  The design currently envisions using precision crossed roller 
jacks for the vertical motion and precision crossed roller slides for horizontal motion, 
both from Advanced Design Consulting USA, Inc. 
(http://www.adc9001.com/documents/2007_StandardProducts.pdf) None of the axis will 
utilize position feedback, although higher positioning accuracy, which is desireable for 
the AMO instrumentation (1μm) is specified when the slides are fitted with linear 
encoders than without (3μm).  Motors driving the slides should be fitted with 
electronically released brakes to assure the remain stationary when powered off as the 
manufacturer claims that the vertical jacks will backdrive under load as they are 
ballscrew driven (see http://www.adc9001.com/index.php?src=jacks). 
 

2.1. Instrumentation: 
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In addition to the axes travel limit switches, a mechanism will be fitted on the 
three bellows preceding each instrument to prevent overextension and subsequent 
damage of the fragile vacuum bellows.  Each mechanism is fitted with six 
proximity sensors of the type P/N IFRM 12P17G3/S14L from Baumer Electric 
(http://sensor.baumerelectric.com/productnavigator/scripts/product
.php?pid=IFRM_12P17G3_S14L&cat=CONFInduktive_Sensoren&psg=&langua
ge=en&r=1&ptk=&country=US&header=%3Cspan%3EUSA+%2F+Baumer+Ltd.%3C
%2Fspan%3E).  The motion control software will have to be programmed to 
respond to proximity sensor trips appropriately to prevent lock-up of the system.  
Motion of a particular axis in each stand will have to be interlocked to the bellows 
protection mechanism both upstream and downstream of the chamber, except for 
the case of the diagnostics chamber, where no downstream bellows exists. 
 
Relative roll of the chambers must also be controlled to prevent damage to and 
possible destruction of the bellows joining the various vacuum chambers.  Tilt 
sensors will be included on each stand frame and must be interlocked to the stand 
motion to prevent the roll of the chamber from exceeding 0.5°.  Possible solutions 
include the Applied Geomechanics IRIS tilt switch - 
http://geomechanics.com/pdf/products/L00258C%20IRIS%20Tilt%20Switch%20
&%20Controller.pdf 

 

 
Figure 4:  Bellows protection mechanism that prevents the bellows from being overextended by the 
chamber stands using six proximity sensors. 
 

2.2. Controls Hardware: 
 

• 18 stepper motor axis with end of travel limit switches 
• Additional travel limit inputs from proximity sensors on the bellows 

protection mechanisms 
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2.3. Controls Software: 
 

• Ability to position each of the stands with ~1μm reproducibility. 
• Ability to rotate stand about an arbitrary point in space determined by the 

active center of the chamber it carries – i.e. the pole of each of the two optics 
in the focusing optics chamber, the interaction region in the high field physics 
chamber, and the interaction axis in the diagnostics chamber. 

 
3. Single Pulse Shutter: 
 
A single pulse shutter will be located somewhere between the first valve in the hutch 
(immediately downstream of the hutch wall) and the focusing optics.  The shutter will be 
used to pass individual LCLS pulses to the experiment for set-up, testing, or when low 
rate detectors are used. 
 

 
Figure 5: Two views of the pulse shutter system. Left: full assembly on stand.  Right: close up of the 
shutter manipulator and viewing camera. 
 

3.1. Vacuum System: 
 
Two gate valves, one immediately downstream of the hutch wall and the other 
immediately upstream of the focusing optics will define the vacuum envelope for this 
section.  It will be pumped with an ion pump with ~100 L/s pumping speed and 
monitored with an ion gauge or cold cathode gauge (either is acceptable).  An upper 
limit of ~10-8 Torr will be used as a set point for control of the upstream and 
downstream valves – anything above the set point and the valves are closed and the 
permission to open withdrawn until the vacuum is recovered and the fault state reset. 
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3.2. Instrumentation: 

 
The single pulse shutter is a commercial instrument from azsol, GMbH (manual 
available at http://www.azsol.ch/pdf/Shutter-specifications-detailed_v06.pdf).  The 
shutter is supplied with a driver unit to operate the shutter that is controlled by a user 
supplied TTL signal.  The shutter opens, after some lag time, when a 5 VDC level is 
applied to the driver, and similarly closes after a lag time when the signal level is set 
to 0 VDC. 
 
The shutter will be mounted on a manipulator and moved into and out of the beam 
using a stepper motor driven vacuum linear feed through.  The linear feed through 
will be fitted with two limit switches to define its range of motion. 
 

 
Figure 6:  Example of the manipulator that will be used to insert and withdraw the shutter assembly 
from the beam. 

 
The front of the shutter assembly (which will be exposed to LCLS radiation while it 
is being inserted into or removed form the beam path) will be covered with B4C and 
YAG crystal with an aperture for the beam to pass through the shutter.  To ensure 
proper alignment of the shutter in the beam, the YAG crystal will be viewed with a 
video camera through a viewport on the vacuum chamber.  The video camera needs 
only update at a low rate and will be used to observe the average position of the 
shutter in the beam.   
 
The alignment cameras, which are used to verify the position of the LCLS beam in 
the experimental chamber are intended to view the average position of the beam over 
many shots. Aside from those cameras which need to operate at the repetition rate of 
the LCLS (i.e. the beam viewing screen cameras (6.4), the ion imaging camera (5.4.2) 
and the fluorescence spectrometer cameras (5.5), all of the alignment diagnostic 
cameras need to meet or exceed the following requirements: 
 Resolution: 500 × 500 pixels 
 Bit depth: 8 bits 
 Speed: 10Hz 

 
3.3. Controls Hardware: 
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• Ion pump controller 
• Ion/cold cathode gauge controller with set-point connected to the valve 

control system 
• Stepper motor and controller with two limit switches to position shutter in and 

out of beam 
• Shutter driver 
• TTL pulse to operate shutter 
• Low speed viewing camera with zoom, focus and aperture control 

 
3.4. Controls Software: 

 
Applications will be required to: 

• optimize the position of the shutter in the beam by viewing the relative 
position of the photon beam and shutter aperture and positioning it 
accordingly (in one dimension only) 

• operate the shutter on demand and trigger appropriate detectors, etc. 
 
Note that the shutter, which will be coated with B4C and able to withstand the full power 
of the LCLS beam, could be used as a fast equipment protection mechanism if a 
downstream valve is closed.  This would require that is always be positioned in the beam, 
which is not currently the intention, but it is an option. 
 
4. Focusing Optics: 
 
Focusing optics will be formed from two bent silicon substrates in the vacuum chamber 
immediately preceding the high field physics chamber.  The optics are shaped by 
applying bending couples to the mirror substrates causing them to bend into the required 
elliptical shapes.  Bench top optical metrology will be used to determine the force that 
must be applied to the mirrors in order to achieve the desired shape. 
 

4.1. Vacuum System: 
 

The optics will be housed in a vacuum chamber that is isolated from the upstream and 
downstream vacuum by gate valves.  The chamber will be pumped with an ion pump 
with ~250 L/s pumping speed.  A titanium sublimation pump (TSP) will also be fitted 
to the vacuum chamber for initial pump down and first light when then the optics will 
outgas.  The TSP will be operated by hand (i.e. no controls hardware required) using 
a commercial TSP power supply (i.e. p.139 in 
http://www.varianinc.com/image/vimage/docs/products/vacuum/pumps/ion/shared/io
n-catalog.pdf or http://www.gammavacuum.com/product.asp?typeid=19 depending 
upon the type of TSP catridge used – Varian Ti-Ball or Gamma Vacuum TSP/NEG 
respectively) .  Pressure will be monitored with an ion gauge or cold cathode gauge, 
and the valves interlocked to a pre-set pressure trip point of ~10-8 Torr.  An RGA may 
be temporarily attached to the vacuum chamber to ensure cleanliness of the vacuum 
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system, but it will be used off-line and need not be integrated into the control 
software. 
 

 
Figure 7: CAD image of the proposed focusing optics vacuum chamber, stand and pumps. 
 
4.2. Optics: 
 
The optics will be shaped by applying forces to springs connected to either end of the 
mirror substrates.  Forces are applied by linear feed throughs attached to the springs 
as illustrated below in Figure 8.  The force/displacement required for a desired 
surface figure will be predetermined through calculations and optical metrology.  Fine 
tuning of the focusing properties of the optics through shaping and positioning 
(particularly angle) will be required at the beginning of an experimental run using 
experimental data as feedback.   
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Figure 8:  Model of the bender mechanism used to shape the optics used in the AMO experiment. 
 

To remove the optics from the x-ray beam and pass it unfocussed to the AMO 
instrumentation the vacuum chamber containing the optics will be translated 
sufficiently to allow the beam to pass by the surface of the optics.  Downstream 
components will need to be realigned following insertion or removal of the optics 
since the deflection angle is 30 mrad for both optics.   

 
The leading edge of the optics will be protected with a mask to prevent illumination 
of the hardware with the FEL beam at normal incidence.  Two translatings slit will 
also precede the optics and be used to verify the position of the FEL beam. The mask 
and translating slits, coated with a fluorescent material, will be viewed through a 
viewport at the front of the vacuum chamber with a video camera to ensure correct 
alignment of the optics in the beam. 
 
4.3. Controls Hardware: 

 
• Ion pump controller 
• Ti sublimation pump controller (?) 
• Ion/cold cathode gauge controller with set-point connected to the valve 

control hardware 
•  Stepper motor controllers with encoder readouts (4) for the mirror shaping 

linear feedthroughs 
• Stepper motor controller for the scanning slit 
• Motor controller for the roll adjustment motor 
• Low speed viewing camera with control of the zoom, focus and iris 

 
4.4. Controls Software: 
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Applications will be required for the following tasks: 
 

• Shaping each optic by moving its two linear feedthroughs to the appropriate 
positions, probably according to some look-up table or interpolated data set 

• positioning the scanning slit while viewing the beam position using the video 
camera 

• translating the chamber in X and Y (with Z being the beam propagation 
direction) to insert/remove the optics from the beam 

• pitching the chamber about the center of the vertical deflecting mirror 
• yawing the chamber about the center of the horizontal deflecting mirror 
• roll of the entire chamber about the beam axis through the chamber 

 
5. High Field Physics Experimental Chamber: 
 
AMO experiments at the LCLS will take place in the high field physics experimental 
chamber where a jet of atoms, molecules or clusters intersects the FEL beam in the center 
of a set of charged particle and x–ray detectors. 
 

 
Figure 9: Engineering representation of the experimental chamber on its stand, showing the relative 
position of the KB optical system as well as the major components of the apparatus. 
 
The high field physics experimental chamber is a complicated chamber with numerous 
interconnected vacuum volumes, turbomolecular pumps, axes of motions, high voltages, 
etc.  To further complicate matters, different pieces of equipment will be used in different 
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experimental set-ups, and those set-ups will evolve with time.  Each component will be 
discussed and described separately in this section before describing various 
configurations that are expected for different experiments. 
 

5.1. Vacuum System 
 
The main chamber of the experiment is a large bell jar type chamber with numerous 
penetrations for a variety of instruments.  

• A large capacity (~1000 L/s) magnetically levitated turbo molecular pump 
backed with an oil free primary pump will be used to pump the main chamber 
volume.   

• A large gate valve will isolate the pump from the chamber and a smaller valve 
isolate the turbo pump from the primary pump when it is shut down.  

• The pressure of the primary pump will be monitored with a thermocouple 
gauge.  

• The chamber will be isolated from the upstream focusing optics and 
downstream diagnostics chamber by gate valves that are interlocked to the 
chamber pressure.   

• The pressure will be monitored with a cold cathode pressure gauge. 
• The chamber will be lined with mu-metal, a passive magnetic shield that will 

be used to minimize the magnetic field in the interaction region and over the 
trajectories of the charged particles.  Care must be taken not to introduce 
magnetic materials into the shielded interaction region. 

• An up-to-air valve interlocked to the operation of the pumps, valves and 
electronics will be provided on the chamber to vent it for maintenance, etc. 

 
5.1.1. Differential Pumping: 

 
A single stage of differential pumping is included between the experimental 
chamber and the focusing optics.  A tube with approximate dimensions of 1 cm 
inner diameter and 10 cm length will be used to separate the two vacuum 
volumes.  To minimize the length required, the differential pumping tube is 
integrated into the experimental chamber vacuum system – i.e. no gate valve 
separates it from the experimental chamber, therefore the pump controls must be 
integrated into a single system to permit pump-down and venting of the system.  

• A small oil-free turbo pump will be used to evacuate the region upstream 
of the differential pumping tube 

• The vacuum upstream of the differential pumping tube will be monitored 
with a cold cathode gauge interlocked to the upstream valve 

• The turbo pump will be backed by a small dry primary pump isolated from 
the turbo pump with a pneumatically operated valve when not operating 

• The foreline pressure above the primary pump will be monitored with a 
thermocouple gauge. 

 
5.1.2. Residual Gas Analyzer: 
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A Residual Gas Analyzer (RGA) will be permanently affixed to the high field 
physics chamber to monitor contaminants.  The Dycor Dynamaxion 200 AMO 
range mass spectrometer is the preferred instrument, model number DM200MS.  
The RGA will be used as a helium leak checker when vacuum problems develop.  
It will also be used passively to monitor contaminants in the vacuum system over 
time when the chamber is not in use with the LCLS beam.  The RGA does not 
need to be integrated into the control system for the instrument and will be 
operated using a stand-alone computer system. Operation of the RGA during 
experimental runs is expected to interfere with the sensitive electron and ion 
spectrometers and is therefore not likely under normal circumstances. 

 
5.2. Sample Source 

 
Atoms, molecules and/or clusters are introduced into the interaction region from the 
sample source.  The sample source is a pulsed supersonic gas jet that connects to the 
main chamber through a skimmer with a small aperture, so that the two volumes, the 
sample source chamber and the main experimental chamber are essentially separate 
vacuum volumes. 
 

5.2.1. Vacuum System 
 

The sample source chamber is a large volume with a large capacity pump to 
handle the high gas load from the gas jet which creates a supersonic jet of gas that 
is directed towards the skimmer, where only the centermost portion of the beam 
passes through the aperture in the skimmer to the interaction region in the main 
experimental chamber.  
 
In its initial incarnation, the sample source chamber will consist of only one 
chamber but in later versions multiple chambers separated by skimmer apertures 
may be used.  The additional chambers, installed between the main sample source 
and the experimental chamber, will each have their own turbo pump, albeit of 
much smaller capacity than those used in the primary source chamber, and be 
backed with a separate primary pump. The extension of the sample source 
chambers will probably not occur in the first year, but extensibility of the vacuum 
control system to accommodate two additional skimmer stages with pumps, 
valves and gauges should be designed into the system. 
 

• The chamber will be pumped with a large capacity (~2000 L/s) 
magnetically levitated turbo molecular pump. 

• The turbo pump will be backed with a high throughput oil free primary 
pump with a roots blower 

• An interlocked valve in the foreline between the turbo and primary pumps 
will be interlocked to the operation of both pumps 

• The foreline vacuum will be monitored with a thermocouple gauge 
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• The vacuum in the source chamber will be monitored with a cold cathode 
gauge and a convectron gauge to cover the pressure range from 10-1 to 10-9 
Torr   

• A gate valve will be provided between the sample source and main 
experimental chambers to provide isolation of either chamber from the 
other.  The gate valve should be interlocked to the pressures in each 
chamber but also be user controllable (i.e. users can choose to close it). 

• An interlocked up-to-air valve will be provided to vent the sample source 
chamber 

• A by-pass valve that allows connection of the two vacuum chambers, the 
sample source and main experimental chambers should be interlocked to 
permit venting and pump down of the entire system.  The by-pass is 
particularly important when additional skimmer stages are added. 

 
5.2.2. Gas Jet Assembly 

 
The gas jet assembly will be assembled onto a flange and insert into the sample 
source chamber through the port opposite to the experimental chamber.  The 
assembly will include the following items requiring controls: 

• Gas jet nozzle that is opened synchronously with the FEL pulse in 
the experimental chamber through the application of a high voltage 
pulse of negative 500-1000V with a duration of about 100-200μs.  
The voltage will be used to drive a Physik Instrument P-286.27 
piezo disk translator requiring up to 25W of power.  Directed 
Energy Incorporated (DEI) high voltage pulse generators, such as 
the PVX-4150 model, requiring an additional external power 
supply (iseg) will easily meet the requirements. 
(http://www.directedenergy.com/directedenergy/products/PulseGe
nerators/pulsegen.htm#PVMspecs) 

• Three axes of motion actuated by stepper motors to align the gas 
nozzle with the skimmer 

• A pressure gauge (MKS Baratron) to monitor the pressure of the 
gas backing the gas jet nozzle ranging from 10-3 Torr to 2000 Torr 
(or greater).  Due to the limited range of  each tube, a selection of 
gauge tubes will be required to cover the entire range of pressures 
which might be used in different experiment with adequate 
resolution.  A single tube would be used during a given experiment  
and matched to the pressure regulator used to control the gas 
pressure. 

• A shut off valve to discontinue the gas supply that is interlocked to 
the operation of the skimmer chamber vacuum system/pressure 
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Figure 10: Sketch of gas nozzle and alignment stages. 
 

5.3. Electron TOF spectrometers 
 

A set of five time-of-flight electron energy spectrometers are one of the principle 
experimental tools in the AMO instrument.  The five spectrometers are each identical 
and mount into the main experimental vacuum chamber through flanges preoriented 
in the appropriate geometry.  The principle components of the spectrometers are the 
electrostatic lenses, the detectors and the alignment movers.  The spectrometers are 
mounted into a short vacuum spool that also holds a turbo pump used to maintain 
adequate vacuum at the detector end of the spectrometer. 
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Figure 11: Cut away view of the electrostaic elements in the electron TOF. 
 

5.3.1. Electrostatic Lenses: 
 

Each spectrometer consists of five electrostatic elements that focus and retard 
electrons emitted from the sample in the interaction region to the detector at the 
end of the spectrometer.  The aperture in the nose of the spectrometer will 
typically have a small negative voltage on it (-2 V) to reject low energy electrons.  
Voltages applied to the remaining lens elements of the spectrometer are based on 
the Retardation Voltage, which is applied to the spectrometer to slow the 
electrons thereby increasing their flight time to the detector.  The retardation 
voltage is applied to the last electrostatic element, the flight tube.  Voltages on the 
other lens elements are typically expressed as a fraction of the retardation voltage, 
for example, in one configuration, the preceding lens elements have voltages that 
are 80%, 92%, and 97% of the retarding voltages applied to them.  Although the 
voltages of the different electrostatic elements are related, it would be preferable 
to have individually controlled supplies for each element, tying them together in 
software.  A total of five voltage supplies are required for each electron 
spectrometer: 

• One supply with -10 V to +10 V for the aperture 
• Four negative supplies with voltage ranges of 0 to -5000 V for the 

lenses and retarding voltage 
• The digital resolution and repeatability of the 5kV supplies should 

be at least 0.1V– corresponding to a digital resolution of 16 bits 
over the 5000V full scale. 
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• The short term stability (~1 min) of the supply should be 0.03V, 
The medium term stability (~1 hour) should be 0.1V and the long 
term stability (~1 day) should be 0.2V. 

• Ideally a set of four 5kV powers supplies should be provided for 
each TOF, allowing them to function independently, although 
common supplies could be used if absolutely necessary 

 
5.3.2. Detectors: 

 

 
Figure 12: Typical connections for a dual MCP detector with capacitively decoupled signal. 



 

ESD AMO Controls 1.6-108 V0                                                                           Check the LCLS Project website to verify  
                                                                                                                            that this is the correct version prior to use. 
19 of 33                              
 

 
Each electron TOF will have a multi-channel plate (MCP) amplified electron 
detector.  Electrons striking the front of the MCP stack are amplified by a voltage 
gradient across the plates to produce a cloud of electrons that strike the metal 
anode and form the signal.   
• In order to accelerate the electrons across the plates a positive voltage gradient 

of about 800-1000V is applied per plate.  
• A metallic mesh maintained at the retarding voltage (RV) is located at the end 

of the TOF flight tube to provide a well defined field free flight length for the 
electrons. 

• Four voltages (positive relative to RV) are applied to each detector (ideally 
floating on RV, otherwise bipolar supplies may be required).  A single power 
supply with a resistive dividing chain can be used to provide the required 
voltages as shown below in Figure 13. 

o The front of the MCP detector at 0 – 200 V   
o The intermediate plate voltage an additional 800 – 1200 V (RV +1000 

– 1400) 
o The back of the MCP detector an additional 800 – 1200 V (RV +1800 

– 2600) 
o The anode at an additional 0 – 200 V (RV +2000 – 2800) 

• Separate power supplies must be used for each detector owing to differences 
in the efficiencies in the channel plates that can develop over time and 
necessitate different voltages to be applied to different detectors. 
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Figure 13: Example of a voltage divider that could be used to supply the appropriate potentials to 
the micro channel plate detector. 

 
5.3.3. Alignment Movers: 

 
Each electron TOF is equipped with two orthogonal movers to align them relative 
to the interaction region where the FEL beam interacts with the sample.  An 
alignment will be carried out at the beginning of an experimental run with the 
TOF’s typically remaining fixed in those optimized positions for the remainder of 
the run.  The movers are activated by stepper motors and will not include position 
transducers.  

• A total of 10 stepper motor controllers are therefore required to align the 
five electron spectrometers. 

 
5.4. Ion TOF spectrometers 

 
Three different ion spectrometers will be used in the AMO instrument: 1) a Wiley-
McLaren spectrometer; 2) an ion imaging spectrometer and 3) a momentum 
resolving, although only one will be installed and operational at a time.  The primary 
different between the three spectrometers is the nature of the detector utilized to 
measure the ions.   
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5.4.1. Ion Optics: 
 

The spectrometers will use mesh or aperture electrostatic optics (i.e. meshes or 
plates with holes held at different potentials) along with a dispersive flight tube to 
separate ions of different masses/momenta.  Ions are typically accelerated from 
the interaction region into the flight tube with a bipolar electric field across the 
interaction region.  Subsequent electrodes are of negative polarity with voltages of 
100 – 5000 V. 

• One positive supply of 0 – 1000 V is required for the pusher electrode 
• Up to five negative supplies of 0 – 5000V are required for the ion optics 

and accelerating voltage. 
• A separate set of five positive supplies with 0 – 500V will be required 

when the imaging spectrometer is operated as an electron imaging 
spectrometer. 

 
5.4.1.1. Pulsed Extraction Voltage: 
 
To be able to use the ion spectrometer, which requires a strong electric field 
across the interaction region, with the electron spectrometers, which require a 
field free interaction region, a fast bipolar high voltage supply is used.  The 
voltage pulse is applied at some time after the FEL pulse has passed through 
the interaction region and the electrons have moved into the TOF 
spectrometers.  The fast rise time voltage pulse then extracts the ions towards 
the ion spectrometer.  Only the two electrodes surrounding the interaction 
region are pulsed, with all other electrodes in the ion spectrometer maintained 
at their operational voltages.  The voltage pulse must have a rise time of 
~100nsec, a bipolar amplitude of up to +/- 1000V, a pulse duration of up to 
100μsec, and return the extractor electrodes to ground potential before the 
subsequent LCLS pulse, ~8 msec later.  The DEI pulsed switch meets the 
timing specifications, although two may be required to generate the bipolar 
pulse if a two channel  unit is not available.  This pulser also requires the use 
of two external power supplies.  

 
5.4.2. Detectors: 

 
All three ions detectors are also based on microchannel plate (MCP) charged 
particle amplifiers that convert a single electron impacting the front of the 
detector into a pulse of ~106 electrons onto the anode that can be measured 
electronically.  Similarly to the electron TOF’s, voltages applied to the detector 
are increasingly positive from the front to the back of the detector and all relative 
to the accelerating voltage (AV) applied to the ions in order to maintain constant 
detector efficiency.  Three voltages are required for the channel plates: 

• The front of the plates are slightly negative relative to the accelerating 
voltage (AV) 0 – 250 V 

• The intermediate voltage between the two plates is 800 – 1200 V greater 
than the front voltage 
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• The back of the plates are at an additional 800 – 1200 V above the 
intermediate voltage. 

 
Depending on the detector used, additional voltages are required: 

• For the Wiley-McLaren spectrometer, one voltage is required for the 
anode, 0 – 500 V greater than the voltage of the back of the plates 

• For the ion imaging detector, where a phosphor screen detector is used, an 
additional voltage of 3000-5000V greater than the back of the plates is 
required. 

• When the ion momentum detector is used, a voltage voltage of  50 – 100V 
greater than the back of the plates is required for the anode. 

 
5.5. X-ray spectrometers 

 
The x-ray spectrometers will measure the spectra of x-rays emitted from the samples 
following irradiation by the LCLS FEL pulse.Specifications for the x-ray 
fluorescence spectrometers are incomplete and continue to change but they are 
enough similarities between the various designs being considered to provide an 
outline of the controls required.  For example, spectrometers will use gratings or 
crystals to disperse the x-rays emitted by the sample onto an area detector.  A two 
dimensional detector will therefore be used to record the spectrum on each shot.  The 
angle of the grating or crystal may need to be changed to cover a wide range of 
energies, therefore some stepper motors will probably be used.    

• Two separate spectrometers will be used, a soft-x-ray spectrometer utilizing a 
grating and a crystal spectrometer for harder x-rays.   

• Both will use two dimensional detectors, either directly illuminated CCDs or 
MCP amplified scintillator detectors imaged in the visible with a CCD 
camera. 

• If a lens is used it will be a fixed focal length with manual iris and focus 
adjustment 

• The CCD chips/cameras must be read at the shot rate of the LCLS – 120Hz 
ideally 

• At this time, it appears that two axes of stepper motor actuated motion will be 
used in each spectrometer to select the wavelength range of the radiation 
dispersed onto the detector 

• LDVT’s or encoders will be used to read the position of the angle drive 
 
5.6. Focus Verification 

 
Initial operation of the instrumentation will involve characterization of the beam in 
the interaction region.   

• A paddle with an ablation surface (either a polymer or a metal) will be 
positioned in the beam and illuminated with one or more shots from the LCLS  

• After exposure of one or more spots, the paddle will be turned towards the 
appropriate viewport, and imaged in situ using a microscope. 
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• The paddle will be mounted on a rotary stage mounted on an XYZ stage, 
requiring four axes of stepper motor controlled motion.   

• The three orthogonal axes will be fitter with limit switches. 
• A long distance microscope will be mounted to the chamber and imaged using 

a CCD camera – the camera will image the paddle after it has been ablated 
and rotated into the view of the microscope, so it can be relatively slow.  The 
camera will not have a lens (the microscope is the lens). 

• The focus of the microscope will be controlled using a stepper motor 
• A remotely actuated illuminator will be used to light up the sample when it is 

being imaged with the microscope. 
• The focus verification paddle may also be fitted with a diode to used to 

measure the relative arrival times of the LCLS and laser pulses for initial 
temporal and spatial alignment 

 
5.7. Beam Viewing Paddles 

 
Beam viewing paddles will be included in two locations in the high field physics 
chamber, immediately upstream of the differential pumping and in the spool 
following the experimental chamber.  The paddles are meant to be used in the 
alignment of the chamber to ensure the clear passage of the beam through the 
differential pumping tube and cleanly out though the downstream port. 

• The upstream paddle will consist of a YAG crystal fixed to the front of the 
differential pumping tube with an appropriate clearance hole in it for the beam 
to pass through. 

• Alignment of the front aperture will proceed by moving the chamber until the 
beam is visible on the screen, aligning it to a feature on the screen that is a 
known distance from the center of the aperture and then moving the chamber 
a predetermined amount to pass the beam through the differential pumping 
tube. 

• The downstream paddle will be a “pop-in” YAG screen mounted on a 
pneumatically actuated linear feedthrough to position the crystal in the beam 

• Alignment of the beam on the downstream paddle will require pivoting the 
chamber about the position of the upstream YAG  

• Both YAG crystals will be viewed by slow CCD cameras, requiring ~15fps 
• The video cameras should be equipped with remotely adjustable apertures to 

be able to accommodate a wide range of intensities. 
• Zoom lenses – controlled by smart lens controller 
• Remote focus control –- controlled by smart lens controller 

 
5.8. Beam Stop 

 
An intermediate beam stop, downstream of the beam viewing paddle and immediately 
preceding the gate valve is fixed to the experimental chamber.   

• The beam stop will be mounted on a pneumatically actuated linear 
feedthrough 
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• Position sensors are required to measure when the beam stop is IN or OUT of 
the beam path 

• The beam stop, when inserted into the beam path, should be tied to the MPS 
to permit LCLS pulses to enter the experimental chamber, regardless of the 
state of downstream valves, etc. 

 
5.9. Laser Controls 

 
A high power pulsed optical laser is an integral component in the suite of AMO 
instruments.  The laser and its controls will be described in a separate ESD, but the 
interface to the instrumentation is considered here. 

• Laser light from the laser in the upstairs laboratory with wavelength 
conversion on the table in the hutch, will enter the experimental chamber 
through a viewport upstream of the differential pumping and deflect off a 
mirror towards the interaction region. 

• A periscope optical arrangement preceding the viewport will be used to direct 
the beam to the correct location 

• A focusing optic will be fitted after the periscope to focus the laser beam into 
the interaction region 

• A mirror may be used downstream of the interaction region to bring the laser 
beam out of vacuum for reimaging onto a position feedback camera 

 
5.10. Controls Hardware 

 
A compilation of the controls hardware required by the high field physics AMO 
experimental apparatus is aggregated here. 
 
Motion: 
 Steppers (no. axes): 
  Gas jet nozzle (3) 
  Electron TOFs (10) 
  Focus Verification Paddle (4) 
  Focus verification microscope (2?) 
 Pneumatic actuators: 
  Downstream beam viewing paddle 
  Beam stop 
Vacuum: 

Primary Pumps: 
 Primary pump for differential pumping 
 Primary pump for main chamber 
 Primary pump for skimmer chamber 
 Pump for gas manifold 
Turbo Pumps: 
 Differential pumping (~250L/s) 
 Main chamber (~1000L/s) 
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 Skimmer chamber (~2000L/s) 
 Electron TOFs (5 x ~70L/s) 
Valves: 
 Gate valve in front of chamber pump 
 Gate valve isolating skimmer 
 Gate valve downstream of chamber 
 Bypass valve skimmer – main chamber 
 Foreline valve: 
  Differential pumping pump 
  Main chamber pump 
  Skimmer pump 
 Gas inlet valve 
 Gas inlet pressure control valve 
Gauges: 
 Cold cathode gauges: 
  Differential pumping 
  Main chamber 
  Skimmer chamber 
 Residual Gas Analyzer 
 Convectron gauges: 
  Skimmer chamber 
  Pump forelines (btwn turbo and primary pumps) (3) 
 Capacitance Manometers: 
  Several on gas line with different ranges 

Voltages: 
 Static:  
  Electron TOFs, -0-5000V 
  Electron detectors, floating 
  Ion TOFs, -0-5000V 
  Ion Detectors, floating 
 Pulsed: 
  Gas nozzle valve, 0-1000V 
  Ion extraction field, bipolar, 0-1000V 
Non detector imaging cameras: 
 Paddle upstream of differential pumping 
 Downstream beam viewing screen 
 Focus verification telescope (?) 

 
5.11. Controls Software 

 
Software will be required to control the various functions of the instrument as well as 
provide means for optimizing the alignment and operating conditions of the various 
spectrometers and detectors.   This is exclusive of the data acquisition software which 
is described separately. 
 
Applications will be required to make the following adjustments and optimizations: 
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• Control of the focus verification paddle.  When the focus verification 
paddle is installed, it will need to be positioned in the beam, illuminated 
with one or more LCLS shots, then turned towards the 
microscope/telescope and imaged to evaluate the alignment of the 
focusing optics.  The telescope may be aligned by hand but should 
optimally have focus control and remote video read out to allow in situ 
optimizations.  Following a successful optimization of the focus, the 
paddle will be withdrawn to allow experiments to proceed. 

• Gas nozzle control: The duration and timing of the gas nozzle valve 
opening should be easily controllable parameters along with the repetition 
rate and backing pressure applied to the nozzle.  Pressures in the chamber 
and differential pumping section will need to be interlocked to the gas 
valve as well to prevent over pressurization. 

• The position of the nozzle will need to be optimized with some signal 
based feedback, initially pressure, but eventually ion signal in the ion TOF 
spectrometer for example. 

• Voltages in the spectrometers should be tunable according to a selected 
formula.  Preferred values and last values should be stored for later recall 
and quick setting.  The detector voltages need to be floated, either 
analogly or digitally on the retarding or accelerating voltages of the 
spectrometers. 

• The positions of the five electron TOFs will need to be optimized by 
monitoring the signal as a function of position to find the best alignment. 

 
6. Diagnostics Chamber 
 
A chamber housing beam diagnostic equipment will be located on a separate stand 
immediately downstream of the high filed physics chamber.  The philosophy behind the 
separation of the experimental and diagnostics chambers is two-fold.  Firstly, they might 
be used independently, with for example, a different experimental chamber installed in 
place of the high field physics chamber.  Secondly, one or both of the chambers may be 
used in a different location, such as in a different hutch or different branch line.  As such, 
the controls for the two instruments should be kept as independent and separable as 
possible allowing one instrument to function is absence of the other. 
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Figure 14: Sketch of the diagnostics chamber indicating the positions of the major components. 
 
The complexity of the diagnostics chamber is reduced from that of the high field physics 
chamber, but there are still many unique components in the system, each requiring a 
different controller, etc.  Each of the components will be described in turn and a list of 
components and outline of the software required to control them presented at the end of 
this section. 
 

6.1. Vacuum System: 
 

The vacuum system of the diagnostics section consists of a two stage differential 
pumping section followed by a main chamber.  While an effusive gas jet will be used 
in the initial incarnation of the instrument to introduce gas into the chamber, the 
capability to use a skimmed supersonic gas jet is retained in the design and can be 
implemented with the introduction of a few additional components. 

• The chamber will be pumped with a magnetically levitated turbomolecular 
pump with a capacity of ~1000L/s 

• The chamber will be isolated from the upstream differential pumping by a 
gate valve. 

• The main chamber pump can be isolated from the vacuum chamber with a 
large diameter gate valve 

• The turbo pump on the main chamber will be backed by an oil free 
mechanical pump 
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• An inline valve will be used to isolate the turbo and mechanical pumps that 
will close when either pump is turned off 

• The pressure in the primary line will be monitored with a thermocouple or 
convectron pressure gauge. 

• The pressure in the main chamber will be monitored using a cold cathode or 
hot filament ion gauge that is interlocked to the upstream gate valve and high 
voltages in the spectrometers. 

• An RGA may be permanently affixed to the diagnostics chamber. 
• An up-to-air valve interlocked to the operation of the pumps, valves and 

electronics will be provided on the chamber to vent it for maintenance, etc. 
 

6.1.1. Differential Pumping: 
 
A two stage differential pumping system will be used to separate the vacuum 
volume of the diagnostics chamber from the high field physics chamber. 

• Two small turbo pumps will be used to pump the two separate regions of 
the differential pumping section 

• The two pumps can be backed with a common primary pump 
• Inline valves will be used to separate the turbo pumps from the mechanical 

pump and closed whenever one of the pumps is shut off. 
• Pressures in each of the stages of the differential pumping will be 

monitored by cold cathode gauges. 
 

6.2. Sample Source: 
 

The diagnostics chamber will initially use an effusive gas source that might be 
upgraded to a supersonic jet at some future time. An effusive jet of gas is formed by 
connecting a source of gas (most likely at a sub atmospheric pressure) to a thin 
capillary that is positioned close to the FEL beam.  Gas expands from the end of the 
needle into the volume of the chamber.  Since the gas density is greatest close to 
where it emerges from the needle, positioning of the needle is done dynamically and 
used to optimize the signal. 

• The needle will be mounted on an XYZ stage with three stepper motors. 
• Each axis will be fitted with end of travel switches (but not encoders). 
• Pressure will be manually controlled using a leak valve BUT monitored and 

recorded with an MKS Baratron capacitance manometer. 
• An interlocked shut-off valve will be integrated into the gas line to isolate the 

chamber from the gas sample reservoir when the chamber is vented. 
 

6.3. Magnetic Bottle Spectrometer: 
 
The principle instrument in the diagnostics section will be a magnetic bottle electron 
time-of-flight (TOF) spectrometer.  A strong permanent magnetic is mounted 
opposite the flight tube of the spectrometer.  The flight tube is wrapped with a current 
carrying wire to generate a solenoidal magnetic field along its length.  The combined 
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magnetic fields of the high field permanent and the solenoid along the flight tube 
serve to direct electrons ejected over all directions onto the detector at the end of the 
flight tube while preserving the temporal information relating their flight time to their 
kinetic energy. 

• The permanent magnet will be mounted on an XYZ manipulator with three 
axes of stepper motor actuated motion. 

• Each axis will be fitted with two end-of-travel limit switches. 
• The solenoidal field along the flight tube is generated by passing a high DC 

current through wire wound helically around the flight tube extending from 
close to the interaction region out to beyond the detector.  The current 
delivered by the power supply should be controlled by the control system and 
the current and voltage read back. 

• A Hall probe will be used to monitor the field strength of the solenoidal 
magnetic field. 

• An electrostatic retarding section may be used in the middle of the flight tube, 
but the tube itself will remain grounded. 

• A video camera will be used to optimize the performance of the magnetic 
bottle spectrometer.  The lens should have at least aperture control, although 
zoom and focus can also be used. 

 
6.3.1. Detector: 

 
Flight times of electrons traveling down the flight tube will be determined by their 
arrival time at the detector relative to the FEL pulse.  The detector will be 
identical to those used in the electron spectrometers in section 5.3.2.  The voltages 
will be similar to those used in the eTOF detectors with a minor modification as 
indicated: 
Element Voltage  
Retarder 0 - -5000V  
Grid 0 – 100V 
Front of plates 100 – 500V 
Middle of plates 800 – 1600V 
Back of plates 1600 – 2600V 
anode 2100 – 3100V 

  
6.4. Beam Screens: 

 
A pair of beam screens downstream from the main portion of the diagnostics chamber 
will be used to view the LCLS FEL beam on a shot-by-shot basis. The goal of the 
beam screens is to measure the intensity distribution and position of the FEL beam at 
the location of the screens for each FEL shot.  The upstream-most screen will be a 
thin YAG screen coated onto a silicon nitride window to provide a high degree of 
transparency while the downstream screen will be a thick crystal that can extinguish 
the beam.  
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• The upstream screen will be mounted on an XYZ manipulator, requiring three 
axes of stepper motor control 

• Limit switches will be fit onto each axis of motion. 
• The downstream screen will use a pneumatically actuated linear feedthrough 

to place the YAG screen in the beam. 
• The cameras should be fit with fixed lenses to allow calibration of the size of 

the image on the CCD chip with only the aperture (iris) under remote control 
 

6.5. Pulse Energy Monitor: 
 

A pulse energy monitor similar to the XTOD total energy measurement instrument 
will be installed between the two beam screens.  The pulse energy monitor consists of 
a silicon absorber plated with a GMR material that changes resistance with 
temperature in the range of interest.  Deposition of energy in the silicon from the FEL 
beam causes a temperature rise that is monitored by measuring the resistance of the 
GMR sensor.  A cold heat sink is required to keep the silicon at the appropriate 
temperature for maximum sensitivity to the energy deposited.  The entire assembly is 
mounted on a XYZ manipulator to position the silicon piece in the beam or withdraw 
it from the beam  path for calibration using a pulsed laser. 
 
Controls requirements for the pulse energy monitor are: 

• Stepper motor controllers for the three axis of motion, each with end of range 
limit switches 

• Temperature control of the pulse tube cooler and monitoring of the silicon 
absorber 

• Measurement of the time dependent resistance of the GMR sensor and 
calculation of the pulse energy 

• Control of the calibration laser to remotely calibrate the pulse energy monitor, 
including monitoring the pulse energy of the laser with a standard laser 
bolometer 

 
6.6. Beam Viewing Paddle: 

 
In addition to the beam viewing screens downstream of the diagnostics chamber, a 
fixed beam viewing paddle is attached to the front of the differential pumping 
aperture.  A YAG crystal with an appropriately sized hole will be used to view the 
beam at the front of the aperture to ensure that enters the differential pumping in the 
correct location.  The downstream beam viewing screen will be used as a beam 
viewing paddle to ensure the beam is passing cleanly through the instrument. 
 

• A camera on the upstream beam viewing paddle is the only controls 
requirement for this section.  The camera should be fit with a lens with zoom, 
focus and aperture control. 

 
6.7. Controls Hardware 



 

ESD AMO Controls 1.6-108 V0                                                                           Check the LCLS Project website to verify  
                                                                                                                            that this is the correct version prior to use. 
31 of 33                              
 

 
A compilation of the controls hardware required by the AMO diagnostics apparatus is 
aggregated here. 
 
Motion: 
 Steppers (9 axes total): 
  Gas needle (3) 
  Upstream beam screen (3) 
  Pulse energy monitor (3) 
 Pneumatic actuators: 
  Downstream beam viewing screen 
Vacuum: 

Primary Pumps: 
 Primary pump for differential pumping 
 Primary pump for diagnostics chamber 
 Pump for gas manifold 
Turbo Pumps: 
 Differential pumping (2X~100L/s) 
 Diagnostics chamber (~1000L/s) 
Valves: 
 Gate valve between differential pumping and chamber 
 Gate valve on main turbo 
 Foreline valve: 
  Differential pumping pumps (2) 
  Diagnostics chamber pump 
 Gas inlet valve 
 Gas inlet pressure control valve 
Gauges: 
 Cold cathode gauges: 
  Differential pumping (2) 
  Diagnostics chamber 
 Residual Gas Analyzer (maybe) 
 Convectron gauges: 
  Pump forelines (btwn turbo and primary pumps) (2) 
 Capacitance Manometers: 
  Several on gas line with different ranges 

Voltages: 
 Static:  
  Electron TOFs, -0-5000V 
  Electron detectors, floating 
Non detector imaging cameras: 
 Fixed paddle upstream of differential pumping 
 Electron imaging on the magnetic bottle spectrometer detector 
Hall probe: 
 Located near solenoid along flight tube. 
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6.8. Controls Software 
 

Software will be required to control the various functions of the instrument as well as 
provide means for optimizing the alignment and operating conditions of the various 
spectrometers and detectors.   This is exclusive of the data acquisition software which 
is described separately. 
 
Applications will be required to make the following adjustments and optimizations: 

• Optimization of the position of the magnetic bottle permanent magnet.  
The quality of the electron image at the detector depends strongly on the 
position of the permanent magnet.  It is optimized by viewing the pattern 
of the electrons impacting the detector on the phosphor screen.  Once the 
optimal position is found, the signal is read from the back of the 
channelplates into the digitizer.  Care must be taken to ensure that the 
magnet is not struck by the FEL beam as it will be damaged. 

• Gas needle position optimization. The signal will depend strongly on the 
overlap of the highest gas density emerging from the gas needle with the 
FEL beam.  Signal in the magnetic bottle can be used to optimize the 
needle position.  Care must be taken to ensure the needle does not intersect 
the FEL beam. 

• Voltages and magnet current in the magnetic bottle spectrometer should be 
tunable according to a selected formula.  Preferred values and last values 
should be stored for later recall and quick setting.   

 
7. Machine Protection System: 
 
The machine protection system (MPS) will be used to prevent the high intensity FEL 
beam from illuminating components that are made of materials that cannot withstand the 
beam for repeated shots.  While most of the instrumentation is being designed to either be 
protected from being illuminated by the beam or covered with materials that are will 
withstand it, there are necessarily a few pieces of equipment that should not be 
illuminated.  Gate valves, for example, have stainless steel gates that will be ablated by 
the FEL beam.  Programmable Logic Controllers (PLC’s) used to control the valves, 
therefore, will provide outputs to the MPS system to veto the LCLS pulse when a valve 
in the beam path is not fully opened.  Other instrumentation that inserts into the beam, i.e. 
beam viewing paddles, will be designed to not pass incompatible materials through the 
beam and therefore will not require inputs into the MPS system.  In case some of those 
designs evolve to require that the FEL beam be turned off while the instrumentation 
passes through the beam, inputs will be reserved. 
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8. Acronym Dictionary: 
 
AMO Atomic, Molecular and Optical (Science) 
AV Accelerating Voltage 
B4C Boron Carbide 
ESD Engineering Specifications Document 
eTOF electon Time-of-Flight 
FEL Free Electron Laser 
iTOF ion Time-of-Flight 
LCLS Linac Coherent Light Source 
LDVT Linear Differential Variable Transformer 
L/s Litres per second 
MCP Multi Channel Plate 
MPS Machine Protection System 
NEG Non-Evaporative Getter (pump) 
NEH Near Experimental Hall 
RGA Residual Gas Analyzer 
RV Retarding Voltage 
SLAC Stanford Linear Accelerator Center 
TOF Time-of-Flight 
TSP Titanium Sublimation Pump 
TTL Transistor-Transistor Logic 
VDC Volts DC 
YAG Yittrium Aluminum Garnet 
 
 


