


 

 
ESD 1.6-128-r0                                                                          Check the LCLS Project website to verify  
2 of 26  that this is the correct version prior to use. 

SLAC National Accelerator Laboratory

Change History Log 
 
Rev 
Number 

Revision 
Date 

Sections Affected Description of Change 

000 06/16/2009 All Initial Version 
    
    
 



 

 
ESD 1.6-128-r0                                                                          Check the LCLS Project website to verify  
3 of 26  that this is the correct version prior to use. 

SLAC National Accelerator Laboratory

Overview 
The Atomic, Molecular and Optical (AMO) science instrument of the LCLS has been designed 
to study the interaction of the ultra-intense and ultra-fast FEL x-ray pulse with the simplest forms 
of matter, namely isolated atoms and molecules and small clusters of those species.  A series of 
vacuum chambers, each with a specific purpose has been designed for these studies.  The 
centerpiece of the apparatus is the High Field Physics (HFP) chamber where the scientific 
experiments will typically take place on a sample of gas in the interaction region in the chamber.  
A series of spectrometers are arrayed around the interaction region to study the resulting 
electrons, ions and photons emerging from the interaction of the LCLS pulse with the sample.  
Downstream of the HFP chamber is a second experimental chamber, called the diagnostics 
chamber, that is designed to measure the properties of each x-ray pulse.  As the gas sample in the 
HFP chamber is typically at a very low density, the x-ray pulse will pass through it mostly 
unattenuated, allowing these diagnostic measurements to be made downstream and hence not 
impact the scientific program.  Preceding the HFP chamber are instruments designed to control 
the x-ray beam that is delivered to the interaction region in the HFP chamber.  There is a pulse 
shutter that can be used to deliver a single pulse to the experiment followed by a period without 
x-ray pulses of variable duration.  There is also a set of four slit blades that can be inserted into 
the x-ray beam to intercept any scattered beam from the upstream optics or apertures.  Finally 
there are a pair of mirrors that focus the LCLS beam to a small diameter in the interaction region.  
In addition to these instruments along the beam-path, the AMO instrument also includes a pulsed 
optical laser that can be used to prepare the sample in some non-equilibrium state for study with 
the LCLS beam.  

 
Figure 1: Top view of the AMO instrumentation with the beam passing from left to right. 
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Figure 2: Simplified layout of the LCLS x‐ray beamlines in hutch 1 of the NEH.  The AMO instrumentation is on the upper‐most 
branch and is drawn in pink. The SXR beamline is in the center and shown in orange and the hard x‐ray pass through line is 
shown in blue. The five major component systems of the AMO instrument are labeled. 
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Location 

 
Figure 3: Layout of the optics in the front‐end enclosure and beam paths into hutches 1and 2 of the Near Experimental Hall of 
the LCLS. 

The instrumentation will be housed entirely in Hutch 1 of the Near Experimental Hall (NEH) on 
the outermost soft x-ray branch of the LCLS beamlines.  The instrumentation begins 
immediately downstream of the vacuum isolation gate valve that is itself immediately 
downstream of the collimator C4S1 just inside the upstream wall of hutch 1.  Light is directed 
into the soft x-ray beamlines by two B4C coated plane mirrors in the Front-End Enclosure (FEE).  
These mirrors, known as the soft x-ray offset mirror system (SOMS), intercept the beam at 
angles of 13.85 mrad in series, resulting in a deflection angle of 55.4 mrad.  A pair of 3rd mirrors 
can be shuttled in to deflect the beam either further away from  (83.1 mrad) or towards (27.7 
mrad)  the straight though beam path producing two soft x-ray beam paths that are used for the 
AMO and SXR beamlines respectively.   
 

 
Figure 4: Simplified layout of the mirrors in the Front‐End Enclosure of the LCLS.  The soft x‐ray mirrors, M1S, M2S and M3S1 
have grazing angles of incidence of 13.85mrad and are all required to deflect the FEL beam into the AMO instrument. (from 
LCLS ESD 1.5‐122) 
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Figure 5: Reflectivity curves for the SOMS mirrors from 800 ‐ 10,000 eV showing that the mirrors acts as very good high energy 
filters. 

 
The SOMS are an effective filter for higher energy x-rays from the LCLS as illustrated above in 
Figure 5 where the reflectivity of one SOMS mirror is shown along with the reflectivity for the 
three mirrors in sequence.  The reflectivity of the three mirrors at 10keV, for example is 5×10-12. 
In addition to the AMO instrument hutch 1 has a pass through lines for the hard x-ray beamline 
as well as the other soft x-ray beamline, the SXR beamline.  The SXR beamline will have some 
equipment located in hutch 1, namely a single pulse shutter, a simple experimental chamber, a 
monochromator tank and beam pipe to the experiment in the second hutch. Hutch 1 is expected 
to be accessible to personnel when beam is in either the hard x-ray pipe of the SXR beamline.  
The hutch also houses all of the electronics racks and vacuum pumps for the AMO experiment, 
along with a large laser table and laser beam transport, resulting in a fairly full hutch. 

Hardware in the AMO instrument: 
In order to understand the various components of the AMO instrumentation along the beam path, 
they are described in greater detail in the section below.  
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Pulse Shutter and Alignment Laser 
The pulse shutter will be located in a vacuum chamber immediately downstream from the hutch 
vacuum isolation valve.  It operates by rotating a metal plate to create an aperture through the 
device in a few msec (fast enough to allow one pulse through).  The metal plate acts as a beam 
shutter, blocking the beam in one position, and opening to create a 2mm clear aperture in the 
other position.  To withstand the intensity of the LCLS beam, the plate has been coated with 

>50μm of graphite.  At the small angle that the blade 
will intersect the x-ray beam with (4.6º), this 
provides sufficient attenuation (>1013) to ensure that 
the steel blade will not be damaged by the LCLS 
pulse.  The reflectivity of a smooth carbon coating 
over 800-2000 eV is <2×10-7 at this angle and the 
coating is anything but smooth, so damage due to the 
reflected beam does also not need to be considered.  
YAG crystals are used on the front of the shutter to 
position it so that the beam passes through the center 
of its aperture when the shutter blade is open. The 
shutter assembly is be mounted on a vertical 
translation stage allowing it to be positioned in or 
removed completely from the beam path, as 
necessary.  A video camera is used to view the YAG 
crystals and will be used to see the beam on the YAG 
crystals above and below the clear aperture of the 
shutter.  The shutter will then be positioned to center 
the beam in the open aperture.  The shutter assembly 
was purchased from azsol, GmbH in Switzerland as a 
UHV compatible device.  The stainless steel vacuum 
tank containing the shutter is pumped with a 100L/s 
ion pump and the pressure monitored with a cold 
cathode ion gauge and interlocked to the MPS 
system. The chamber is mounted onto a fixed stand 
that will be aligned to the nominal beam path by the 
SLAC alignment group.  
A separate small chamber will be installed on the 
pulse shutter to allow a mirror to be inserted into the 
beam path for an alignment laser.  A 0.8 mW class II 
laser can then be aligned with the FEL path through 
the instrumentation, providing a means of alignment 
to the beam path without the use of the FEL beam.  
The mirror and alignment mechanism for the laser 
are all hand operated and will be used only when 
there is no possibility of beam in the hutch. 

Figure 6: Pulse shutter on its stand. 



 

 
ESD 1.6-128-r0                                                                          Check the LCLS Project website to verify  
8 of 26  that this is the correct version prior to use. 

SLAC National Accelerator Laboratory

4Jaw Slit 
 

A four jaw slit is located downstream of the pulse 
shutter and connected to it by a 2.5” stainless steel 
vacuum tube.  The two instruments are in the same 
vacuum volume without gate valves separating them.  
The 4-jaw slit assembly uses four B4C polished flats as 
blades mounted onto four high precision linear stages 
that are oriented in two perpendicular directions to 
function as an XY aperture for the beam.  The slit blades 
are 2mm thick B4C pieces with polished edges to 
intercept the beam.  B4C will be able to withstand and 
absorb the FEL beam at this location as the beam is 
unfocussed. Micos PP-30 in-vacuum piezo stages with 
50nm positioning resolution are used to position the slit 
blades.  The slit blades are offset along the beam 
propagation direction to allow them to completely 
overlap in order to fully occlude the beam path.  A 
viewing port is included on the vacuum chamber, 
although no camera or YAG screens are included at this 
time for viewing the beam on the slits. 
The slits are contained in a stainless steel vacuum vessel 
with a 100L/s ion pump located directly below them and 
a cold cathode ion gauge monitoring the pressure.  The 
chamber pressure is interlocked to the adjacent gate 
valves preceding the shutter and between the slit and KB 
optics and the MPS system to prevent the valve gates 
from being damaged by the FEL beam.  The chamber is 
mounted onto a fixed stand that will be aligned to the 
nominal beam path by the SLAC alignment group. 

KB Optics 
A pair of mirrors deflects and focus the FEL x-ray beam to a small spot in the interaction region 
of the experimental chamber.  The mirrors are polished silicon pieces that are 400mm long and 
approximately 25mm wide and 25mm thick and the optical surfaces are coated with 0.5μm of 
B4C.  The mirrors intercept the beam at an angle of 13.85mrad, with the first mirror deflecting 
the beam horizontally away from the straight ahead line and the second mirror deflecting the 
beam upwards.  In order to focus the beam, the plane mirrors are dynamically bent into large 
radii ellipses using linear actuators attached to leaf springs which apply the appropriate forces to 
the mirror substrate to achieve the required surface figure.  Focal lengths as short as 1m and as 
long as infinity are accessible using this mechanism.  To protect the mirrors from the LCLS x-
ray beam, a B4C “chin guard” is affixed to each of the mirror substrates on the leading edge. 
YAG screens are also attached to the leading and trailing edges of the mirrors to aid in the 

Figure 7: View of the 4‐jaw slit chamber. 
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alignment of the mirrors in the beam.  Video cameras view the YAG screens and will provide 
feedback to the operator when positioning the mirrors in the beam. B4C apertures with 10mm 
clearance holes are fitted just inside the upstream and downstream flanges of the vacuum tank 
holding the mirrors to constrain the path of the beam through the tank so as to not illuminate any 
metal surface.  The apertures are fixed to the vacuum tank and allow the beam to pass through 
when the optics are used and also when the optics are withdrawn from the beam. 
 
The mirrors and bender mechanism are fixed to the vacuum tank and positioning of the mirrors 

in the beam is accomplished by moving the tank around in space.  Five axes of motion are 
motorized to accomplish the required motions of the tank (X, Y, roll, pitch and yaw, where Z is 
the propagation direction of the beam).  The vacuum bellows upstream and downstream of the 
tank are protected with a mechanism fitted with proximity sensors to limit the range of motion of 
the tank to acceptable limits.  An inclinometer is also used to ensure that the tank does not roll 
relative to the upstream and downstream tanks.  Finally, hard stops are affixed to all of the stages 
to limit their range of motion to acceptable ranges around the nominal position of the tank.  The 
mirror tank will be reoriented by turning the mounting struts when changing from beam on the 
mirrors to beam off the mirrors.  Hard stops will be affixed to the stand to ensure that the tank 
cannot move more then the prescribed amount and the reorientation will be confirmed by optical 
alignment methods.  The vacuum tank is pumped with an ion pump and Ti-sublimation pump 
and the pressure monitored with a cold cathode ion gauge.  The gauge is interlocked to the gate 
valves on either side of the optics tank and to the MPS. 

Figure 8: KB optics on its stand with beam passing from left to right.
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High Field Physics Chamber 
The High Field Physics (HFP) chamber is the main experimental chamber for the AMO 
instrument.  It houses numerous spectrometers and detectors along with a sample delivery system 
in order to investigate the interaction of the ultra-intense and ultra-fast LCLS x-ray pulse with 
atoms, molecules and clusters.  The system will typically be used with a gas sample injected into 
the interaction region through a pulsed valve, but in some instances, particularly during the 
commissioning period, a solid target will be positioned in the interaction region, as described in 
greater detail below.  All of the instrumentation is mounted onto the main vacuum chamber 
which is pumped with a 1300L/s turbo molecular pump that is backed by a large mechanical 
primary pump.  The pressure in the vacuum chamber is monitored with a cold cathode ion gauge 
and interlocked to the upstream and downstream gate valves and MPS system.  A Residual Gas 
Analyzer (RGA) is permanently installed on the chamber and will be used to monitor the species 
present in the vacuum chamber over time.  As a source of gas pressure will be connected to this 
chamber via the gas jet, it is equipped with a burst disk to prevent development of a hazardous 
over-pressurization.  The chamber is lined with two layers of magnetic shielding to reduce the 
ambient magnetic field by a factor of about 300 and therefore negate the effect of the earth’s 
magnetic field on the trajectory of the electrons and ions in the system. 

 
Figure 9: View of the High Field Physics chamber with the colid target manipulator installed from the top.  Beam is passing 
diagonally form bottom left to upper right. 



 

 
ESD 1.6-128-r0                                                                          Check the LCLS Project website to verify  
11 of 26  that this is the correct version prior to use. 

SLAC National Accelerator Laboratory

Stand: 
The chamber is mounted to a stand with its six degrees of freedom of motion motorized.  First 
and foremost, the stand must securely hold the experimental chamber in place in the beam and be 
capable of withstanding seismic motion in the case of an earthquake.  Three vertical and three 
horizontal axes of motion allow the chamber to be positioned so that the interaction region is in 
the focus of the KB optics.  Owing to the small size of the focused beam and the limited 
acceptance volume of the spectrometers, the stand must stably hold the experimental apparatus 
within tens of microns in the beam for the duration of an experimental run, typically hours to 
days. Small motions will be required at the start of each experimental run to optimize the 
position of the sample in the beam.  Larger motions of tens of millimeters will be required from 
the stand to switch between operational modes using or not using the focusing optics.  This 
change will be made typically less than once per week and will require moving hard stops on the 
linear stages to accommodate such a large range of motion.  The hard stops will then be 
positioned around the new nominal operating point after completion of the change. 

Differential pumping and beam containment: 
A set of pumps and apertures are used to decouple the vacuum of one chamber from another.  
These tubes function both as differential pumps, limiting the flow of gas through the small 
opening, and as beam containment devices, limiting the possible path of the beam through the 
chamber. The tubes, with 5mm inside diameter and made of B4C, are aligned with the central 
axis of the chamber.  The tube limits the path of the FEL beam through the chamber to the 
angular range prescribed by the dimensions of the tube.  A B4C aperture plate on the 
downstream end of the chamber accepts all of that range of beam path and with a 5mm aperture, 
further limits the path of the beam out of the chamber.  Finally, an insertable B4C beam stop is 
located just upstream of the terminal gate valve on the chamber and allowing that valve to be 
closed while safely terminating the FEL beam onto a material which can withstand it. To 
facilitate alignment of the chamber with the fixed path of the photon beam, YAG screens have 
been attached to the front of the tubes and are viewed with a video camera.  A second, 
downstream YAG screen, also with a video camera for viewing, can be inserted into the beam to 
view the beam passing through the chamber.  Alignment will be achieved by first ensuring the 
beam enters the center of the upstream differential pumping tube by viewing it on either side of 
the hole and positioning the stand so that the beam goes through the center and then rotating the 
chamber around that point until the beam strikes the center of the downstream YAG paddle. 

Laser mirrors: 
A pair of optical mirrors with holes through them for the FEL beam are located at the upstream 
and downstream ends of the chamber to bring in and out a laser beam for laser – FEL pump-
probe experiments.  The laser mirrors are planar mirrors oriented at 45° to the FEL beam 
direction pointing downwards where viewports are used to transport the laser beam into the 
chamber.  Different mirrors, with various different coatings will be used for different 
experiments depending on the desired wavelength of the laser radiation.  The through holes are 
presently 5mm, the same size as the B4C aperture, but smaller hole sizes, probably 2mm, are 
eventually desired to allow for higher laser fluence in the interaction region.  In all cases the laser 
mirrors have essentially zero reflectivity for the LCLS x-ray FEL beam and will not reflect the 
beam out of the chamber. 
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Gas sample system: 
A gaseous sample will be used in the AMO instrument for the majority of experiments.  A pulsed 
nozzle in a separate skimmed chamber will be used to introduce the gas into the vacuum 
chamber.  The nozzle, hooked up to a source of the gas of interest at some  pressure between 1 
Torr and several atmospheres, functions through the use of a plunger mounted to a piezo-
electrically actuated disk.  When voltage (approximately -750V) is applied to the disk, the 
plunger is withdrawn and gas flows through the opening.  The plunger seats and stops the flow of 
gas when the applied voltage drops to zero.  The resulting stream of gas is supersonic (for a high 
enough applied pressure) with a slight bias in the forward direction.  To isolate the ultra-high 
vacuum required in the interaction region from the relatively high pressure surrounding the valve, 
a molecular beam skimmer with a small aperture (~500um) is in the beam path and allows only a 
small fraction of the gas pulse to pass through to the experimental chamber. Sample densities in 
the interaction region will range from a few atoms to 1012 per cm3 depending on the needs of the 
experiment.  In all cases, the sample density will be significantly lower than atmospheric 
pressure.  Samples will range from atoms such as He and Ne to small molecules such as H2S and 
CO2 in the first round of experiments. Atoms or molecules that do not pass through the aperture 
of the skimmer are pumped out of the gas jet chamber with a larger turbo pump.  The gas jet 
chamber is expected to operate at much higher pressures, typically in the 10-5 Torr range, than 
the HFP experimental chamber which will often operate at pressures below 10-9 Torr.  The 
pressure in the gas jet chamber is monitored separately from the main chamber. A special 
isolation valve has been installed on the high vacuum side of the skimmer to allow the gas jet 
chamber to be vented without having to vent the entire HFP chamber.  When both chambers are 
to be vented or pumped down simultaneously, a bypass valve can be opened, connecting the 
volumes of the two chambers through a 1½ “ tube. 

Spectrometers: 
The interaction of the x-ray FEL beam with the sample will be monitored with several different 
types of spectrometers.  Initially electron and ion spectrometers will be used, but eventually high 
efficiency x-ray spectrometers will also be used. 

  Ion Spectrometers 
One of three different types of ion spectrometers can be fitted into the AMO HFP chamber at a 
time.  The ion spectrometers mount through a flange oriented towards the bottom of the chamber.  
All three operate on the same principle, using electrostatic lenses to guide ions generated in the 
interaction region onto a detector, varying only in the type of detector used to monitor the 
production of the ions.  The electrostatic lenses are typically solid plates with an aperture in the 
middle or a high transmission screen that the majority of the ions pass through on their way to 
the detector.  On the opposite side of the interaction region from the ion detector a repeller plate 
is used to steer ions towards the detector using a high voltage.  Towards the detector, two or 
more lenses at increasingly higher negative voltage are used to accelerate the ions towards the 
detector.  A field free region allows the ions to disperse in time depending on their mass-to-
charge ratio or kinetic energy before they impinge on the detector.  All three different types of 
detector use microchannel plates to amplify the signal from one ion impinging on the surface to a 
measureable electrical pulse.  The different detectors differ in the type of anode that is used to 
measure the signal.  In the first a solid metal anode is used and only an electrical pulse 
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corresponding to the arrival time of the ion is measured.  A phosphor screen is used in the second 
type of spectrometer and it is viewed with a video camera so the location of each ion hitting the 
front of the channel plate is measured.  Finally in the third case, a wire wound anode is used 
allowing the position and time of arrival of each ion to be determined.  Since slightly different 
electrostatics are used with each detector, three completely separate ion spectrometers have been 
built for the three detectors.  The unused spectrometers and detectors will be stored in an off-line 
vacuum chamber known as the eTOF and iTOF storage chamber. 

  Electron Spectrometers: 
A set of five independent electron spectrometers are fitted on the HFP chamber, allowing the 
kinetic energy and angle of ejection of electrons from the sample-FEL interaction to be measured.  
The five spectrometers are arranged in a specific geometry with three in the plane perpendicular 
to the direction of propagation of the FEL beam and two in forward scattering directions.  They 
operate on a similar principle to the ion spectrometers, using electrostatic lenses to guide the 
electrons towards microchannel plate amplified detectors.  The electrostatic lenses, in this case, 
are tubes held at different static potentials during the experiment, with potentials of up to -5000V 
applied.  A long field free flight tube is used in each spectrometer to allow the electrons to 
disperse according to their velocity (kinetic energy). The flight time of the electrons, which is 
related to their kinetic energy, is determined by measuring their arrival time at the detector using 
fast electronics (with 8GHz resolution).  Magnetic shielding, which joins up with the shielding 
on the main chamber, extends down each electron spectrometer vacuum tube to limit the effects 
of the earth’s magnetic field on the electron trajectory down the flight tube.  A small turbo pump 
is fitted to each electron spectrometer to prevent build up of unacceptably high pressures near the 
detector, potentially causing it to short or misbehave.  As the electron spectrometers have a 
relatively small acceptance volume, an aperture plate is attached to the front of each 
spectrometer limiting its acceptance.  To ensure that the apertures are pointed at the interaction 
volume, each spectrometer can be independently pointed using a pair of linear actuators to move 
the front of the spectrometer while holding the back end (close to the detector) on a gimble-type 
mechanism. 

Solid samples: 
For some experiments, performed particularly during the commissioning period, a solid sample 
will be used in the interaction region.  A simple sample manipulator can be installed on the 
chamber by replacing an electron TOF spectrometer with an XYZ manipulator.  Note that there 
is no rotation stage on the manipulator so the sample cannot be oriented in a grazing incidence 
geometry and therefore cannot act as a mirror.  The vertical electron TOF, in particular, has a 
vacuum chamber with a few extra ports for viewing the sample after irradiation, and will be used 
preferentially for this purpose.  Two types of experiments will be done with solid samples, 
focusing studies and beam damage studies.  In focusing studies, either a YAG crystal will be 
used and viewed with a special camera to be mounted in the ion TOF port, or a solid sample such 
as PMMA will be used to imprint the beam into a solid and viewed with a microscope by 
withdrawing the sample.  In both cases the solid target will be mounted perpendicular to the 
beam and absorb all of its energy.  In beam damage experiments, different samples, such as B4C 
or Si or optical coating materials, will be mounted on the manipulator and exposed to various 
intensities of the FEL beam.  The samples will be recovered from the vacuum chamber and 
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studied off-line for damage.  Equipment to measure reflectivity at grazing angle does not 
currently exist, so all samples will be mounted at or near normal incidence for these studies and 
the FEL beam will not be redirected by the sample. 

Diagnostics Chamber 
The Diagnostics chamber is a separate vacuum chamber located downstream of the High Field 
Physics chamber that is intended to measure the properties of the FEL beam on a pulse-by-pulse 
basis.  It is separated from the HFP chamber by differential pumping that decouples the pressure 
of one chamber from the other.  Instruments in the diagnostics chamber include a magnetic bottle 
electron spectrometer, a pulse energy monitor and two beam screens, all of which are described 
in greater detail below.  The chamber is pumped with a 1300L/s magnetically levitated turbo 
pump that is backed with a large dry roughing pump that will be located in the corner of the 
hutch.  The chamber pressure is monitored with a cold cathode ion gauge and a permanently 
attached RGA is used to monitor the vacuum volume for contaminants.  Isolation valves between 
the turbo and the chamber and between the rouging pump and the turbo prevent the chamber 
from being accidentally vented.   Since gases will be used in the diagnostics chamber, a burst 
disk is permanently fitted to the chamber to prevent over pressurization in case of a failure of the 
vacuum control system. 

 
Figure 10: Diagnostics chamer with beam passing from left to right. 
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Differential Pumping and beam containment 
There are two sections of differential pumping on the diagnostics chamber upstream and 
downstream of the main body of the chamber.  The upstream differential pumping system is 
similar to the one affixed to the high field physics chamber, but because a greater pressure 
differential is expected between the HFP and Diagnostics chambers, a two stage design was used.  
The principle is the same, however, with B4C tubes and intermediate small turbo pumps to 
reduce the gas flow between the chambers.  To facilitate alignment of this chamber to the 
critically aligned HFP chamber, a larger diameter B4C tube was used, 8mm instead of 5mm.  
Furthermore, the differential pumping section is independently aligned to the chamber axis using 
a set of struts.  The alignment will be set during the assembly of the chamber and then left fixed.  
This upstream section of differential pumping has gate valves which can isolate it from the two 
experimental chambers when it needs to be vented.  An burst disk has therefore been attached to 
ensure that it does not become over pressurized.  A second, downstream differential pumping 
section is also installed on the diagnostics chamber to isolate the chamber vacuum from the 
relatively high pressure of 100 mTorr in the gas detector.  Again, two stages of differential 
pumping are used.  All of the tubes used in the differential pumping system are B4C and thus 
also function as a beam containment system.  The beam path is restricted to the acceptance cone 
of the tubes.  To complete the beam containment system on this chamber, a B4C disk has been fit 
to the downstream end of the chamber to accept the full range of angles that can pass through the 
upstream differential pumping with an aperture to allow the beam to pass through to the gas 
detector and beam screens.  Finally, a solid B4C beam stop is permanently attached on the 
downstream flange of the chamber terminating the beam path through the AMO instrumentation.  
To facilitate alignment of the chamber with the beam, YAG crystals have been attached to the 
leading edges of the upstream and downstream differential pumping tubes. Video cameras view 
the crystals and will be used to ensure the clear passage of the beam through the differential 
pumping restrictions. 

Laser mirrors 
A pair of laser mirrors are attached to the chamber mounted at 45° relative to the beam 
propagation direction similar to those on the high field physics chamber.  They have through 
holes for the FEL beam and are oriented downwards so the laser beam must be brought in from 
below.  Different mirrors will be used for different experiments depending on the wavelength of 
the laser light required by the experiment.  In all cases, the reflectivity of the mirrors for x-rays is 
zero and there is no chance of the mirrors deflecting the beam from the chamber.  Rather, the x-
ray FEL is likely to damage the mirrors if it strikes them, so care must be taken to ensure that the 
FEL beam passes clearly through the holes in the mirrors. 

Gas sample 
Two separate gas delivery systems are used for the diagnostics chamber, one to deliver sample 
for the magnetic bottle spectrometer and another to deliver pressure to the gas detector.    For the 
magnetic bottle spectrometer, gas will be introduced through a leak valve and injected effusively 
into the interaction region of chamber through a capillary.  To optimize the density of gas in the 
interaction region, the capillary is mounted on an XYZ translation stage that can be moved 
during experimental operations, although the range of motion will be restricted to prevent the 
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metallic needle from being struck by the FEL beam.  Neon gas will typically be used in the 
magnetic bottle, although other inert gases such as Ar, Kr or N2 may also be used upon occasion.   
The gas detector requires a constant flow of gas, typically N2, to maintain a constant pressure in 
the differentially pumped detector volume.  A regulating valve will be used to control and 
maintain the pressure in the gas detector at the required level, which will typically be less than 
100mTorr.  Alternate gases such as Ar and Kr may also be used in the gas detector for some 
specific experiments. 

Magnetic Bottle spectrometer 
The principle instrument of the diagnostics chamber is the magnetic bottle electron energy 
spectrometer which will be used as a diagnostic of the photon energy and bandwidth of the FEL 
pulse.  The spectrometer uses electron time-of-flight, similar to the eTOF spectrometers in the 
high field physics chamber, to measure the kinetic energy of the electrons.  Unlike the HFP 
eTOF spectrometers, the magnetic bottle spectrometer employs magnetic fields to direct 
electrons ejected over a wide range of angles towards the detector located ~1m from the 
interaction region.  A strong field permanent magnetic is mounted on an XYZ stage opposite the 
interaction region from the detector.  Diverging magnetic field lines from this strong magnetic 
serve to direct electrons ejected from the sample gas by the x-ray FEL beam in the interaction 
region towards the detector.  The ~1m flight tube towards the detector is wrapped in a coil to 
create a weak solenoidal magnetic field that maintains the trajectory of the electrons towards the 
microchannel plate amplified detector.  To optimize the alignment of the permanent magnet for 
the best performance of the magnetic bottle spectrometer, the image of the electrons striking the 
detector is monitored while moving the magnet.  Once the optimal position is found, the flight 
time of the electrons is determined by measuring the current off of the back of the channel plates.  
Limit switches and hard stops on the positioning stage will be used to prevent the permanent 
magnet from being illuminated by the FEL beam.  Other components of the magnetic bottle 
spectrometer are located far enough from the interaction region as to prevent them from being 
struck by the beam. 

Gas Detector 
A gas detector is located on the downstream end of the diagnostics chamber to measure the total 
energy of each FEL pulse.  It is identical in design to the gas detectors incorporated into the 
differential pumping sections surrounding the gas attenuator in the front-end enclosure of the 
LCLS.  It functions by passing the FEL beam through a sample of N2 gas and measuring the 
resultant visible and UV fluorescence with a photomultiplier tube.  A solenoidal magnetic field is 
applied to the gas detector to maintain the trajectories of the resultant photo- and Auger electrons 
within the gas volume and ensure that all of their kinetic energy is deposited into the gas.  By 
design, no solid material in the gas detector comes close to the x-ray FEL beam to prevent 
spurious fluorescence signals from being generated. 

Beam Screens 
Upstream and downstream of the gas detector are a pair of beam viewing screens that are meant 
to provide pulse-by-pulse images of the FEL beam in two locations simultaneously.  The screens 
are imaged with two high magnification lenses to provide at least one part per hundred resolution 
of the beam size and intensity distribution.  120Hz video cameras are used to collect images of 
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the screens on each shot.  The upstream screen will be a thin silicon nitride window coated with 
a thin layer of YAG or some other fluorescent material to provide a semi-transparent beam 
viewing screen. It is inserted into the beam using an XYZ manipulator to allow the screen with 
its 10mm clear aperture to be positioned in the beam so that the attenuated beam passes through 
the thin window.   Calculations indicate a transmission of 20-50% depending on the wavelength 
of the FEL beam.  The downstream YAG screen is a thick YAG crystal that will absorb all of the 
FEL radiation.  It is positioned in the beam using a single axis manipulator to insert or withdraw 
it. 

Radiation Protection 
The instrument is designed to safely contain the FEL beam within the vacuum envelope of the 
chambers, as described below in the section entitled “Beam containment”.  In the unlikely event 
that the beam is not contained by the chambers, however, the hutch and layout have been shown 
to provide safe containment of the FEL beam and other radiation.  Two elements make up the 
radiation protection hardware of the AMO instrument.  Firstly, the possible angle that the KB 
mirrors intersect the beam with is restricted by hard stops in the motion of the tank as described 
in LCLS ESD #1.6-129 (AMO Ray Trace) .  By restricting the optics to a range of angles the 
possible locations that the beam intersects the downstream wall is limited to an area of 
approximately 350mm horizontally by 327mm vertically.  A plate will be affixed to the shield 
wall to indicate this area and prevent any damage to the shield wall.  Secondly, air is an excellent 
attenuator of the FEL beam.  To ensure that the focused beam cannot damage the shield wall, an 
air gap of 25.8 cm is required as shown in LCLS ESD  # 1.6-130 (AMO shielding).  A steel 
backstop will therefore be installed immediately downstream of the diagnostics instrumentation 
and labeled as a radiation protection device to prevent anyone from inadvertently extending the 
vacuum envelope of the instrument too close to the wall. 

Operational Modes: 
The operational modes of the LCLS AMO instrument are dictated by the availability of two 
experimental chambers and the variable beam focus that can be delivered by the tunable KB 
optics.  The focal length of the optics can be varied by changing their shape through the 
application of different forces to the bending mechanisms.  Some experiments may want 
different beam sizes in the chamber, or the focus in one chamber or another, so it is difficult to 
predict exactly what beam size will be used.  When the beam is focused by the KB optics, we 
have to consider the possibility that it might burn through even B4C shields and apertures, so 
when the KB optics are in use, that is one operational mode.  Another mode is when the optics 
are removed from the beam.  The vacuum tank carrying the optics has a large enough range of 
motion to allow the beam to pass by the optics without reflecting off of their surfaces.  In this 
case, the beam cannot be focused and B4C apertures and beam stop can safely contain the FEL 
beam.  The optics are not expected to be in place for the first week or more of commissioning of 
the AMO instrumentation with the beam, so this initial operation, as well as experiments where 
the optics are removed (or bent to flat, and therefore not focusing the beam) is another mode of 
operation. 
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There are two possible experimental chambers in the AMO instrumentation, the High Field 
Physics (HFP) chamber and the Diagnostics Chamber.  While the HFP chamber is designed as 
the principle experimental chamber, there are some experiments that are better performed in the 
Diagnostics chamber, particularly those that want to use the magnetic bottle electron 
spectrometer.  Experiments on gaseous targets can therefore be performed in either chamber with 
the beam focused in the appropriate location.  Since the sample is a dilute gas sample in this case, 
measurements will often be performed in both locations simultaneously, with a physics 
experiment in the HFP chamber and a diagnostic measurement in the Diagnostics chamber.  It is 
possible to remove one of the spectrometers in the High Field Physics chamber and replace it 
with a manipulator to hold a solid sample.  There are a few experiments, done primarily during 
the instrument commissioning period, where solid samples will be irradiated with the FEL beam 
in the AMO instrument.  These include damage studies of materials in the intense focused beam, 
beam focusing studies by beam imprinting into PMMA and beam focusing studies using a YAG 
crystal imaged with a microscope. These solid samples will be oriented perpendicular to the 
beam propagation direction and should absorb the entire energy of the pulse. 
In summary, there are two modes for the optics, focused and unfocussed and three possible 
experimental arrangements: gaseous sample in the High Field Physics chamber, gaseous sample 
in the Diagnostics Chamber and solid sample in the High Field Physics chamber. 
 

Beam Containment: 
 
The instrument is designed to safely contain the FEL beam by ensuring that it is only incident 
upon materials, B4C in this case, that can withstand its high peak power. The system will be 
aligned using a low power FEL beam, attenuated sufficiently to preclude damage to the YAG 
screens and B4C apertures.  Only when the beam has been shown to transport through the entire 
AMO instrument will the absorbers be removed and the power increased. 
 
 The first beam containment aperture is in the slits chamber and it has a 5mm aperture to limit 
the beam’s path.  At this point, the beam is unfocussed and B4C will not be damaged by the FEL 
beam.   
 
The mirror tank has two apertures of 10mm in diameter at the front and back flanges in the 
chamber.  The front aperture plate is 40mm in diameter and given that the stages on the mirror 
tank have only +/-4mm of vertical and horizontal motion, it is much larger than the possible 
illumination of the beam in the chamber.  In addition to the restricted motion of the chamber 
stages, a bellow protection device is used to ensure that the chamber is aligned with the upstream 
chamber within a range of +/-5mm.  This bellow protection device, which is shown below, s 
used on the bellows between all of the moving chambers/stands to prevent the bellows from 
being damaged and at the same time restricts the alignment of one chamber relative to the next. 
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Figure 11: Bellow protection device using proximity sensors to limit the range of relative motion of chambers on either side of a 
bellows to +/‐5mm in X & Y and +/‐25mm in Z. 

 
The two 10mm aperture separated by 1.012m allow a 20mrad cone radiation through the mirror 
tank.  The mirrors, which are oriented at 13.85mrad relative to straight through beam path, 
change the angle by 13.85mrad but maintain approximately the same divergence angle.   
 
The front B4C aperture plate in the high field physics chamber is 0.323 m downstream of the last 
aperture in the KB optics.  At this distance, the 20mrad divergence beam has an uncertainty in its 
position of 16.5mm (the 10mm aperture plus the 0.323*20mrad divergence).  Additionally, the 
bellow protection device allows an additional 10mm of motion for a total misalignment tolerance 
of 26.5mm.  The B4C aperture plate at the front of the chamber, #15, has an outside diameter of 
70mm to safely terminate the beam.  Once the beam passes through the downstream B4C 
differential pumping tube, its divergence is restricted by the 5mm diameter 130mm long tube to 
38.5mrad.  The downstream B4C aperture in the chamber is sized to accept the full divergence of 
the beam as shown by the orange lines in Figure 12 below.  The 5mm aperture in this B4C 
aperture plate restricts the cone of the radiation passed downstream to the diagnostics chamber to 
the blue rays shown. 
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Figure 12: Ray trace of the beam through the HFP chamber.  The orange lines correspond to the maximum acceptance of the 
B4C differential pumping tube at the front of the chamber and the blue lines to the cone of radiation passed through the 
downstream B4C aperture. 

 
The cone of radiation reaching the differential pumping tube on the diagnostics chamber is 
contained within the outside diameter of the B4C tube as shown below in Figure 13.  The bellows 
protection mechanism restricts the relative motion of the tank to ensure that the beam cannot 
leave the YAG screens mounted on the front of the differential pumping tube which resides 
behind the YAG screens to prevent further damage should the YAG screen be penetrated by the 
beam. 
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Figure 13: Ray trace showing the beam path projected from the HFP chamber onto the differential pumping separating the 
diagnostics chamber from the HFP chamber.  The fan from the HFP chamber is shown in blue, the fan passed by the Diagnostics 
chamber differential pumping in green and the beam through the downstream aperture plate in purple. 

 
The beam passing through the differential pumping tubes, shown in green in Figure 13 and Figure 
14 is terminated by the downstream aperture plate as shown and only those rays that pass through 
the 5mm aperture are shown in purple.  Another set of differential pumping tubes, downstream of 
the chamber further restrict the beam path, as shown in  light blue in Figure 14.  The 5mm aperture 
plate with the 7.8mm ID downstream differential pumping tube restrict the opening angle that the 
beam can pass through to 11.1mrad. By the end of the chamber, 0.711m downstream of the final 
differential pumping tube, the uncertainty in the position of the beam is 15.7mm, much smaller than 
the 35mm OD B4C beam stop. 
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Figure 14: Ray trace of the beam through the Diagnostics chamber and on the the beam stop.  The beam shown in purple is that 
portion of the beam fan which can pass through the plate at the end of the Diagnostics chamber.  The rays shown in light blue 
are those that can subsequently pass through the downstream differential pumping tubes through to the end of the chamber. 
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Positions of devices close to and along the beam path: (all dimensions are in LCLS coordinates) 
Item 
# 

Name X (m) Y (m) Z (m) dimensions Notes 

Shutter 
1 Alignment laser 

mirror 
1.309 1.400 759.651 N/A Mirror to be inserted by hand only when beam is 

off 
2 Shutter YAG 

screens 
1.331 1.400 759.917 8mm (horiz) x 2mm 

(vert) opening 
YAG crystals mounted on front of shutter 

3 Shutter blade 1.334 1.400 759.952 2mm clear aperture 
when open 

Graphite coated metal blade 

Slits 
4 Slits – B4C 

aperture 
1.558 1.400 762.636 5mm aperture, 44.5mm 

OD 
3mm thick aperture plate preceding slits 

5 Slits – Horizontal 1.561 1.400 762.680 0-36mm opening Moveable slit blades to control opening 
6 Slits – Vertical 1.562 1.400 762.692 0-36 mm opening Moveable slit blades to control opening 
KB optics 
7 B4C aperture plate 1.596 1.400 763.094 10 mm aperture, 40mm 

OD 
3mm thick B4C plate 

8 YAG crystal 1.600 1.400 763.147 25mm wide x 20mm 
long x 1mm thick 

YAG crystal mounted parallel to the beam on B4C 
chin guard of mirror 

9 Horizontal mirror 1.617 1.400 763.351 400mm long x 25mm 
wide 

Center of the mirror, B4C coated silicon 

10 YAG crystal 1.634 1.400 763.555 25mm wide x 20mm 
long x 1mm thick 

YAG crystal mounted on trailing edge B4C guard 

11 YAG crystal 1.650 1.397 763.644 25mm wide x 20mm 
long x 1mm thick 

YAG crystal mounted on B4C chin guard of 
mirror 

12 Vertical mirror 1.673 1.400 763.848 400mm long x 25mm 
wide 

Center of the mirror, B4C coated silicon 

13 YAG crystal 1.695 1.403 764.052 25mm wide x 20mm 
long x 1mm thick 

YAG crystal mounted on trailing edge B4C guard 
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14 B4C aperture plate 1.701 1.411 764.106 10 mm aperture, 60mm 
OD 

3mm thick B4C plate 

High Field Physics Chamber 
15 B4C aperture plate 1.737 1.416 764.429 5 mm aperture, 70mm 

OD 
3mm thick B4C plate 

16 YAG crystal on 
differential pump 

1.743 1.418 764.484 4 of 5mm x 5mm x 
1.4mm thick crystals 

YAG crystals mounted around differential 
pumping aperture 

17 Differential 
pumping tube 

1.745 1.418 764.500 4.9mm ID x 130mm 
long 

2 B4C tubes mounted one after the other for 
differential pumping and beam path restriction 

18 Laser mirror 1.762 1.422 764.653 5mm aperture  1.5” laser mirror pointing downstream with 5mm 
clearance aperture for FEL beam 

19 Target  
 

1.794 1.430 764.941 Typically Ne Low density gas target (P<10-6 Torr) – first 
experiments will use Ne, but many others also 
possible 

19a Target 1.794 1.430 764.941 Solid target A solid target can be inserted into the beam at this 
location for some experiments – normal incidence. 

20 B4C aperture plate 1.828 1.439 765.245 5mm aperture, 70mm 
OD 

3mm thick B4C plate 

21 Laser mirror 1.840 1.442 765.357 5mm aperture 1.5” laser mirror pointing upstream with 5mm 
clearance aperture for FEL beam 

22 Removable YAG 
paddle 

1.860 1.447 765.533 10mm x 10mm x 
0.5mm thick 

YAG crystal on a manipulator to insert or remove 
from beam 

23 Removable beam 
stop 

1.867 1.449 765.593 41.3mm OD x 10mm 
thick 

B4C beam stop at end of HFP vacuum chamber on 

Diagnostics Chamber 
24 YAG crystal on 

differential pump 
1.903 1.458 765.919 4 of 5mm x 5mm x 

1.4mm thick crystals 
YAG crystals mounted around differential 
pumping aperture 

25 Differential 
pumping tube 

1.905 1.458 765.938 7.8 mm ID x 68mm 
long tube 

B4C tube for differential pumping and beam path 
restriction 

26 Differential 
pumping tube 

1.924 1.463 766.107 7.8 mm ID x 68mm 
long tube 

B4C tube for differential pumping and beam path 
restriction 
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27 Laser mirror 1.941 1.467 766.260 5 mm aperture 1.5” laser mirror pointing downstream with 5mm 
clearance aperture for FEL beam 

28 sample 2.004 1.483 766.828 Typically Ne Low density gas target (P<10-6 Torr) – first 
experiments will use Ne, but many others also 
possible 

29 B4C aperture plate 2.036 1.491 767.119 5mm aperture, 70mm 
OD 

3mm thick B4C plate 

30 Laser mirror 2.049 1.494 767.231 5mm aperture 1.5” laser mirror pointing upstream with 5mm 
clearance aperture for FEL beam 

31 YAG screen on 
differential pump 

2.067 1.499 767.392 4 of 5mm x 5mm x 
1.4mm thick crystals 

YAG crystals mounted around differential 
pumping aperture 

32 Differential 
pumping tube 

2.069 1.499 767.410 7.8 mm ID x 68mm 
long tube 

B4C tube for differential pumping of gas detector 

33 Removable YAG 
paddle 

2.088 
 

1.504 767.585 10mm x 10mm x 
0.5mm thick 

Initially a YAG crystal, to be replaced with YAG 
coated SiN membrane window 

34 Differential 
pumping tube 

2.093 1.505 767.629 7.8 mm ID x 68mm 
long tube 

B4C tube for differential pumping of gas detector 

35 Removable YAG 
paddle 

2.165 1.523 768.273 10mm x 10mm x 
0.5mm thick 

YAG crystal on a manipulator to insert or remove 
from beam 

36 Beam stop 2.173 1.525 768.343 41.3mm OD x 10mm 
thick 

Fixed terminal B4C beam stop at end of vacuum 
chamber 
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Figure 15: Layout of the AMO instrumentation showing the approximate location of the parts indicated in the table above. 

 
 
 


