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1. Introduction: 
 
The high peak intensity of the LCLS offers unprecedented opportunities to study non-linear 
phenomena in the x-ray regime in atoms, molecules and clusters.  The high intensity of the LCLS 
beam can be increased from approximately 1013 W/cm2 to 1019 W/cm2 simply by focusing the beam 
from a 1 mm to a 1 μm spot size.  
 

 
Figure 1:  Schematic of the focusing optics for the LCLS AMO experiment.  Note that the mirrors will be reversed, 
with the horizontal focusing mirror preceding the vertical focusing mirror in the design. 
 
The AMO instrument will operate on a side branch of the LCLS main beam, the so-called soft x-ray 
branch line, resulting in a high energy cut-off of ~2000 eV.  The energy range from 825 – 2000 eV 
necessitates optics that are in UHV to provide good transport of the beam.  A pair of elliptically 
bent planar KB optics is proposed for the LCLS AMO end-station that will achieve a focus of ~1 
μm into the interaction region of the high field physics chamber while maintaining high reflectivity 
over the entire photon energy range of the soft x-ray branch.  In addition, it will occasionally be 
desirable to focus the FEL beam into the interaction region of the magnetic bottle electron 
spectrometer, rather than the high field physics chamber, in order to study non-linear phenomena 
with that spectrometer.  While the spot size will necessarily be larger, due to the increased focal 
length of the optic.  An adaptive optic will be necessary to vary the focus from one point to the 
other. 
 
2. Scientific Opportunities: 
 
One of the original motivations for focusing the beam in the LCLS AMO chamber was to observe 
strong field ionization in the x-ray regime.  Further consideration has led to the conclusion that a 
focal spot of 50 nm with a pulse duration of 10 fs is required to achieve the power densities required 
to get a pondermotive potential of 400 eV and hence a Keldysh parameter of 1 at a photon energy 
of 800 eV.  While these values are all close to achievable, it remains a distant goal of the 
experimental program to achieve these values.  Additionally, the optics required to achieve a focal 
spot of 50 nm would have a focal length of approximately 100 mm.  The focal volume, considering 
a cylinder 100 nm in diameter (which ends up being 500 nm long) is approximately 1.5x10-12 cm3.  A 
sample pressure of 1 mTorr is required to ensure one atom in this volume, something that is 
difficult to achieve without resulting in significant background signal in the detectors and attenuation 
of the FEL radiation through the high background density. Once it becomes apparent that the focal 
size is the remaining limiting factor for these measurements, new focusing strategies will be explored. 
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Regardless of the initial motivation, it is still important to focus the FEL beam to a small spot for 
other non-linear phenomena such as multiphoton ionization.  There are many questions to be asked 
about multiphoton ionization phenomena in the x-ray regime, including transition probabilities, 
whether multiple ionization is a sequential or concerted process, the de-excitation dynamics of 
multiple core-hole states, etc.  There are many avenues of research in atomic and molecular physics 
using the LCLS that require high intensities that will benefit from the focusing optics proposed here. 
 
3. Focusing Method: 
 
Kirkpatrick –Baez mirror pairs are frequently used at synchrotron radiation sources to focus the 
beam onto the target.  Mirrors can either be polished to the required figure or polished flat and then 
bent to the desired elliptical figure.  The latter option is chosen here to allow different focal lengths 
to be set, depending upon the requirements of the experiment.  In addition to the two operations 
outlined above, with the focus of the mirrors in the high-field physics chamber or in the diagnostics 
chamber, it might prove necessary to achieve an intermediate focus for experimental chambers 
brought by external users to the LCLS.  Dynamically bent optics offer the best capability to meet the 
requirements. 
 
 
4. LCLS Parameters: 
 
Relevant parameters of the FEL radiation expected from the LCLS (from the web based LCLS 
parameter table at http://www-ssrl.slac.stanford.edu/htbin/rdbweb/LCLS_params_DB_public/) 
are collected in the table below. 
 
FEL wavelength 6.2 – 15 Å 
Photon energy 827 – 2000 eV 
FEL Source size (FWHM) 116 μm 
FEL 1st harmonic Rayleigh length  10 m 
FEL Source divergence (FWHM) 5.7 μrad 
Distance source to AMO experiment ~170 m 
Unfocused beamsize @ sample (FWHM) 1.085 mm 
 
5. KB optics parameters: 
 
Using the parameters in the table above together with the expected distances between the mirrors 
and desired foci, the shape parameters for the mirrors can be calculated.  A discussion of the 
incidence angle is below in the section on optical coatings. 
 
Horizontal focusing mirror to sample 1.0 m 
Vertical focusing mirror to sample 0.7 m 
Mirror incidence angle 15 mrad 
Mirror incidence angle (to pole) 89.14º 
Beam footprint on mirrors (FWHM) 72.3 mm 
RMS Beam footprint on mirrors (σ) 30.65 mm 
Minimum clear aperture (4σ) 122.6 mm 
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Maximum clear aperture (6σ) 184.0 mm 
Focus in High Field Physics Chamber 
H mirror major axis 85.0265 m 
H mirror minor axis 0.1950 m 
H mirror x_0, y_0 84.0267 m, 0.0298 m 
V mirror major axis 85.92659 m 
V mirror minor axis 0.1633 m 
V mirror x_0, y_0 84.3267 m, 0.0209 m 
Focus in Diagnostics Chamber (+1m) 
H mirror major axis 85.5265 m 
H mirror minor axis 0.2758 m 
H mirror x_0, y_0 83.5269 m, 0.0593 m 
V mirror major axis 85.5265 m 
V mirror minor axis 0.2545 m 
V mirror x_0, y_0 83.8269 m, 0.0505 m 
 
The deviation of the horizontal KB mirror surface from flat along 200mm around the pole (x0,y0) 

calculated via:
2 2
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Figure 2: Figure of the horizontal focusing mirror for the parameters given in the tables above. 
 
Similarly for the second, vertically deflecting, mirror, the deviation from flat can be calculated in the 
same manner.  Both mirrors are relatively flat which should permit a flat silicon substrate to be used 
in the bender. 
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Figure 3:  Figure of the vertical focusing mirror for the parameters given in the tables above. 
 
 
6. Substrates: 
 
The mirrors should be fabricated from single crystal silicon substrates of a thickness and side 
shaping to be determined by calculations of the behavior of the optical surface under bending.   
 
Preliminary parameters for the surface of the KB optics are given in the table below.  They will be 
developed more fully over the course of the design of the optics resulting in a specification to be 
provided to the vendors.  Metrology results indicating that these specifications have been met will be 
requested from the vendors and verified independently using instruments in the ALS and/or LLNL 
metrology labs. 
 
Surface radius – tangential >100 km 
Surface radius – sagittal >1 km 
Clear aperture 184 mm X 10 mm 
Height error ≤2 nm rms over 1 mm to 184 mm 
Tangential slope error ≤0.25 μrad rms over 1 mm to 184 mm 
Sagittal slope error ≤2 μrad rms over 1mm to 184 mm 
Roughness – mid spatial ≤0.25 nm rms over 2 μm to 1 mm 
Roughness – high-spatial ≤0.4 nm rms over 20 nm to 2 μm 
 
Typical UHV manufacturing and handling methods will be required of the vendors to ensure 
compatibility of the substrate with the UHV conditions of the optical enclosure. 
 
 
7. Coatings: 
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The optical surface must be able to withstand the high peak power of the FEL pulse while having a 
surface roughness and figure error that does not significantly affect the focusing properties of the 
mirror.  Boron Carbide (B4C) has been identified as a suitable coating and Regina Soufli at LLNL 
has developed methods to coat it at the required roughness levels.  Carbon coating, which has been 
used successfully at FLASH, might also be acceptable.  The reflectivity of B4C at 15mrad incidence 
is given in the figure below.  The reduced reflectivity at three times the photon energy of the 
fundamental frequency of the LCLS FEL beam is an important attribute of this optical coating.  
Phenomena that involve the absorption of three photons will manifest themselves in the kinetic 
energies of the particles ejected from the sample.  To be able to distinguish between three photon 
absorption and absorption of a third harmonic photon requires good filtering of the third harmonic 
by the optics. 

 
Figure 4: Reflectivity of 500Å of B4C with a surface roughness of 7 Å on silicon substrate at 15mrad grazing angle 
of incidence calculated using the IMD extension of XOP2.1. 
 
While B4C has good reflectivity and is resistant to damage by the peak intensity of the FEL beam, its 
surface can be very rough depending upon the conditions of deposition. 
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Figure 5: Stress and surface roughness of B4C film as a function of the sputtering pressure in the deposition (from 
Regina Soufli, LLNL). 
 
In the figure above, Regina Soufli of LLNL has measured the surface roughness and stress of a 
~500Ǻ film of boron carbide on a silicon substrate is shown as a function of the deposition rate 
(related to the pressure of the Ar sputtering gas.  While the surface roughness decreases markedly 
with the rate of deposition, the stress in the film increases and risks delamination at the higher 
stresses.  A test program of coating some coupons, exercising them in a bender and measuring the 
properties of the film is being pursued with LLNL and LBNL.  Verification of the suitability of the 
B4C film for this application will hopefully result. 
 

 
Figure 6: Reflectivity of a 500Å thick B4C layer on Si substrate as a function of the surface roughness calculated 
using the IMD extension to XOP2.1. 
 
8. Mirror Bender: 
 
To shape the coated mirror substrates into the required elliptical profile a dynamic bender of the 
type used at ALS is being designed.  Using two actuators to produce coupled bending forces on the 
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mirror substrate, it can be bent into the appropriate shape with particularly good fidelity when side 
shaping is used.  The design for the LCLS AM focusing optics is benefiting from design effort for 
the refocusing optics for the new MERLIN beamline at ALS where similar optics are being designed. 
 

 
Figure 7:  Diagram of the mechanism used to shape the optical surface of the mirror using forces from the linear 
feedthroughs. 
 
 

 
Figure 8: Sideshaping of the mirrors are optimized to provide the best figure for the bent optic and result in a 
varying width along the length of the mirror as shown above for the two optics. 
 
Finite Element Analysis (FEA) calculations of the surface figure errors of the mirror carried out by 
Alexis Smith at LBNL show that the very accurate surface figures can be achieved.  Initial 
calculations of the slope error show a linear variation of the slope error with distance along the 



 

_______________________________________________________________________________________________________
ESD 1.6-101-r0                                                                          Check the LCLS Project website to verify  
9 of 11  that this is the correct version prior to use. 

mirror, corresponding to a cylindrical shape that can be removed by “tweaking” the manipulators.  
When the cylindrical shape is removed, slope errors in the nanoradians are achieved for the first 
mirror and 10’s of nanoradians for the second mirror as shown below. 
 

LCLS M1 and M2 Ideal Slope error

-2.00E-07

-1.50E-07

-1.00E-07

-5.00E-08

0.00E+00

5.00E-08

-1.50E-01 -1.00E-01 -5.00E-02 0.00E+00 5.00E-02 1.00E-01 1.50E-01

Distance from mirror center [m]

Sl
op

e 
er

ro
r [

ra
d]

M1 M2
 

Figure 9: Slope errors of the mirror surface from the ideal shape after applying the bending force to the flat 
substrate with the appropriate side shaping calculated with finite element analysis. 
 
The resulting focal spot in the interaction region 0.7m downstream from the vertical (second) 
focusing mirror is shown below. 
 

 
Figure 10: SHADOW Image at the primary focal point. The side histograms are obtained by binning the image 
across the perpendicular axis. 
 
Analytical calculations of the behavior of the mirror substrate under different couplings to achieve a 
focus 1m downstream have also been carried out.  The results are shown in the figures below and 
within the central 150mm region of the mirror the slope errors are ±0.5 μrad.  The resulting focal 
spot in the secondary position calculated using the slope errors shown in the red curves are shown 
in the following figure. 
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Figure 11: Slope error for M1 (left) and M2 (right) focusing at the secondary focal spot. Black lines are results with 
unchanged couplings while red lines are results with modified couplings (see text in each panel). 
 

 
Figure 12: SHADOW calculation of the focal spot in the diagnostics chamber when the optics are tuned to produce 
the best focus in this position. 
 
To achieve the best performance from the LCLS-AMO focusing optics, a series of metrology 
measurements will be carried out to optimize the performance of the mirrors.  Iterative 
measurements will be carried out to optimize the figure of the optics for the first focal position.  
The optics will then be optimized for the second focal position. Finally the optics will be returned to 
flat and the process repeated.  A reliable set of surface figures versus manipulator displacement will 
hopefully emerge from this metrology effort. 
 
9. Vacuum System: 
 
The focusing optics will be housed in a metal vacuum chamber maintained at UHV conditions (≤10-

9 Torr) to preserve the cleanliness of the mirror surfaces.  Only UHV compatible materials can be 
used inside the vacuum chamber. The vacuum chamber will be sealed with metal seals and vacuum 
maintained using an ion pump with an auxiliary titanium sublimation pump to assist with pump-
downs.  A cold cathode (or hot filament ion) gauge will be used to monitor the pressure and will be 
interlocked to the upstream and downstream vacuum valves.  An all metal angle valve will be 
provided to vent/rough the chamber too/from atmospheric pressure. 
 
10. Stand and Alignment: 
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A stand with multiple degrees of freedom of motion for the alignment of the optics is required.  The 
stand should maintain the position of optics to within ±10 μm over the length of an 8 hour shift.  
Angular instabilities in the mounting of the optics will cause the beam to move across the interaction 
region.  A tolerance of ±20 μm motion at the interaction region corresponds to an angular tolerance 
of approximately ±20 μrad.  The stand should have a computer controlled range of motion of at 
least ±5mm in the two directions transverse to the beam direction and a step size of ~1 μm.  Along 
the beam direction the neither the stability nor alignment are particularly critical.  Similarly, the 
angles corresponding to pitch and roll need to be under computer control, with approximately ±0.5 
degree of motion with 1 μrad stepsize.  The relative roll of the two mirrors must also be controllable 
to optimize the performance of the optics. A relative roll of ±0.2 degree of motion with 1 μrad 
stepsize is required. 
 
11. Controls: 
 
Controls for all of the degrees of freedom of motion must be developed.  The ability to measure a 
signal as a function of the position of one of the axes of motion will be helpful in optimizing the 
alignment and figure of the optics. 
Vacuum pressure and pump performance should be monitored and stored on a regular basis for 
future analysis. 
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