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X-ray optics and diagnostics for the first experiments on the Linac
Coherent Light Source

A. Wootton", J. Arthur®, T. Barbee, R. Bionta, R. London, H-S. Park, D. Ryutov, E. Spiller and
R. Tatchyn”
Lawrence Livermore National Laboratory, P.O. Box 808, Livermore, CA 94550, USA;
®Stanford Synchrotron Radiation Laboratory, Stanford Linear Accelerator Center, Stanford, CA 94305,
USA

ABSTRACT

The Linac Coherent Light Source (LCLS) is a 1.5 to 15 A-wavelength free-electron laser (FEL), currently proposed for the
Stanford Linear Accelerator Center (SLAC). The photon output consists of high brightness, transversely coherent pulses
with duration < 300 fs, together with a broad spontaneous spectrum with total power comparable to the coherent output. The
output fluence, and pulse duration, pose special challenges for optical component and diagnostic designs. We discuss some
of the proposed solutions, and give specific examples related to the planned initial experiments.

Keywords: free electron laser, x-ray optics, x-ray diagnostics

1. INTRODUCTION

The DOE Office of Basic Energy Science (OBES) has endorsed research and development (R&D) towards a fourth-
generation light source' based on a LINAC-driven x-ray free electron laser (XFEL)®. Critical Decision 0, a statement of
mission need, was signed on 13 June 2001. Such an XFEL would operate in an entirely new physics regime, Self-Amplified
Spontaneous Emission (SASE), which has been now made possible by demonstrated advances in producing low-emittance
electron beams (for a list of SASE-related experimental results, see http://www-ssrl.slac.stanford.edu/Icls/). The OBES is
now funding R&D to develop a specific proposal, the LINAC Coherent Light Source (LCLS)**, which would utilize the last
third of the SLAC LINAC and a precision undulator to produce keV x-rays with unprecedented brilliance. By adding a high
intensity short pulse laser to the proposed LCLS experimental hall, pump/probe techniques promise insight into the dynamic
structural response of many forms of matter on time scales from 10 fs to ms and on spatial length scales from Angstroms to
microns. Atomic physics, warm dense matter physics, femto-sceond chemistry, nano-scale dynamics in condensed matter,
and biological applications have been highlighted for the first experiments®. Many others are possible.

The unprecedented brightness of the source highlights demanding requirements as well as innovative design opportunities for
optical systems, diagnostics and components to transport the beam to the experiment stations. A comprehensive design
review is available®. Figure 1 illustrates the problem'; normal energy fluences (J. cm™) at the undulator exit far exceed those

Contact: *wootton] @llnl.gov: phone (925) 422 6533

" optical quantities are taken from the CXRO home page at http://www-cxro.lbl.gov/, and physical constants from the CRC Handbook of
Chemistry and Physics, 65" edition.
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require to melt most materials. The problem is somewhat alleviated downstream, where the natural divergence of the beam
(1 prad at 8 keV, 10 prad at 1 keV) reduces the fluence.
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Figure 1. Normal incidence fluences from the LCLS coherent radiation beam, together with fluences required to bring various
materials to their melting temperature (Be, C, Si, W, and Au). The phase change energy is not included. Curves are shown for the LCLS

coherent beam at the undutator exit, and at positions representative of the two experimental halis.

A working assumption for precluding material damage that would affect x-ray properties is:

‘There will be no changes to material x-ray properties during the x-ray pulse, and no irreversible changes at any time, as
long as the fluence is kept < about 1/2 that required to bring the material temperature to melt’.

This assumes that long—time (i.e. > photon pulse length) irreversible processes such as phase changes (e.g. graphitization of C
in multilayers, melt), spallation, and plastic deformation are precluded by keeping the material temperature below half the
melting temperature, and that there are no short time (< photon pulse length) reversible or irreversible changes during the
pulse itself. These assumptions are being explored, both theoretically and experimentally.

Specific hardware solutions that reduce the normal fluences shown in Figure I to values consistent with the working
assumption above are:

a) a far field experimental hall to reduce energy densities by natural divergence,

b) a gas absorption cell to continuously attenuate by > 10* ,

¢) low-Z optics that are damaged least (e.g. a phase zonc plate for warm dense matter experiments),
d) grazing incidence optics that increase the optical footprint and reflect most incident power.

Part of the strategy of the LCLS x-ray optics working group is to utilize an example of each of the above four solutions carly
in the experimental program, to gain experience. Should these hardware solutions be insufficient, two other solutions are
being explored. First, multi-phase optics whose surfaces can be continuously replenished have been considered. Initial
liquid and plasma lens studies are complete. Second, there is always the solution of dynamic solid state optics, that are
spatially translated between shots.



2. A FARFIELD HALL
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Figure 2. An illustration of one experimental layout being considered. The two main experimental halls, A and B, are separated by an

optical tunnel. Optical halls are used for providing attenuation and energy filtering. The initial experiments planned are indicated.

One experimental layout under consideration is illustrated by Figure 2, showing the location of an absorption cell, take-off
mirrors or crystals, horizontally and vertically tunable x-ray slits, pumping sections, collimators, etc. Two main experimental
halls are provided, one close to the undulator exit (Hall A, starting ~ 50 m from the undulator end) and one downstream of
the undulator (Hall B, starting ~ 400 m from the undulator end). Optics in Hall B experience a reduced fluence, by about a
factor 15 (see Figure 1), allowing many standard solutions and materials to be applied. Hall A is necessary because a number
of the optical elements and instruments developed depend on close proximity to the LCLS undulator for optimal operation or
parameter values. These include:

a) planar take-off mirrors (if these were 300 m farther downstrcam they would need to be substantially longer, up to
1 meter/facet);

b) refractive lenses (whether solid state or gaseous, such lenses are efficiency-limited by their aperturc diameter;
even at distances of ~50 m from the undulator their operation will be marginal);

¢) chirped-multilayer compressor optics (these are efficiency-limited by the bcam diameter);

d) multilayer-based transmission gratings (with present techniques it is doubtful that the required high-quality and
efficient gratings with apertures greater than ~100 pm could be built).

An additional reason for a close hall (Hall A) involves the transmission of the spontaneous synchrotron radiation (SR) to
experiments. Close to the undulator, a ~1 ¢cm aperture through the vacuum system should transmit a usable fraction of this
spectrum. This aperture is at the limit at which the differential pumping systems we have specified can operate cffectively.
In order to transmit the same SR cone to the far hall, the vacuum aperture would more than double, necessitating a
significantly more expensive vacuum system.



The large flight distance to Hall B, and associated beam wander, is not expected to be a problem. The angular acceptance for
SASE saturation through the undulator is of the same order as the beam divergence, so any beam angle excursions larger than
this value would probably quench any coherent output (a similar constraint applies to the position of the beam axis). Active
monitor and feedback system coupled to positional and attitude controls on the mirrors (and possibly the undulator) are
planned to help stabilize beam movement.

3. A GAS ABSORPTION CELL

Attenuation of the beam is accomplished by passage through a gaseous, solid, or liquid medium. While all have been
considered, the nominal design, shown in Figure 3, is for a gas cell’ operated with high pressure puff valves to introduce the
absorbing gas into the path of the coherent FEL photons. At the lower photon energies, gas must be used as all solid
materials will melt. One possibility under consideration is to use a mixed attenuation scheme; gas for initial attenuation,
followed by low Z (e.g. Be) for further attenuation. This would have the advantage of reducing the gas handling
requirements.

The axial dimensions and the number of valve nozzles must allow a sufficient depth of the gas to provide four or more orders
of magnitude of attenuation over the full range of the LCLS fundamental (~0.8 to 8 keV). The combined axial and transverse
dimensions are determined by the requirement of maintaining an average vessel pressure of <0.0075 Torr, corresponding to
the Knudsen-through-molecular flow regimes®. This pressure, (for Np) is sufficiently low to be reduced to <1070 Torr by the
differential pumping sections bracketing the chamber.
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Figure 3. The conceptual design for the gas cell absorber.

4. LOW-Z OPTICS

From Figure 1, we see that low-z transmissive optics may be used at the higher photon energies even at the undulator exit;
even with 100% absorption and normal incidence the lowest Z materials will not melt. Phase zone plates, produced by
sputtering and then slicing, have already been successfully used’ in the hard x-ray regime (> 5 keV), so that their use is
considered a variant on a proven technique.

Low-Z transmissive optics are well suited for the focusing element for the low temperature plasma/warm dense matter
(WDM) experiments®. Here the LCLS XFEL beam will be used to heat and ionize thin solid samples to produce solid
density plasmas, whose properties will then be measured by an array of diagnostics placed around the sample. Latter
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experiments will use a laser to produce the plasma, and the FEL beam as a probe. The first plasma experiment requires the
highest energy photons at 8.275 keV, to penetrate as deeply as possible into the sample. The heated volume, approximately
a cylinder, requires a radius of >5 pm in order to create a large enough sample for study. The fluence required to bring the
sample to the energy required (electron temperature T, ~10 eV), over the volume V defined by the thickness (equal to the
penetration depth of the photons) and the minimum 5 pm radius, is calculated from a simple energy balance. No energy
escapes the sample on the time of the FEL pulse, so the plasma energy equals the FEL pulse energy. The Saha equation is
solved by iteration to calculate the ion density n, and the ionization state Ili, of stage i-1,:

E 3 -
—==knT + Y nl
V 2 ee z, itp

It is sufficient to assume single ionization, 2/3 of the FEL pulise energy deposited, n; = n_, and 1;, = 6 eV. The result is that
the FEL beam must be focused to a spot diameter ~10 um, with a lens efficiency > 0.5, to achieve the required plasma states
in Al. The use of focusing optics adds additional requirements for alignment, which include the ability to image the spot at
the position of the sample and the capability of running at high repetition rates at reduced intensity during the alignment
process.

The chosen focusing optic is a variant of a blazed Fresnel zone-plate (a Fresnel lens) operating like a thin lens in visible
optics. The lens forms an image of the XFEL source at the sample. The source-to-lens and lens-to-image distances
determine its focal length. The XFEL source point is at the position of the waist in the Gaussian model which is located onc
Rayleigh length upstream of the exit of the undulator. The source-to-lens distance is 92.8 m, and the lens-to-image distance
is 5 m, requiring a lens focal length of 4.74 m and giving a magnification of 0.05.

Figure 4 shows details of the design. The lens is carved into the face of a C disk and mounted over a hole drilled through a
25.4 mm diameter Cu mount. The C disk is 650 um thick except in the center, where it thins down to 400 um. The active
portion of the lens is 200 um in diameter and consists of 6 concentric grooves machined to a maximum depth of 18.8 um.
The plot of the beam profile at the lens, Figure 4g, shows that the 200 um lens diameter captures most of the beam.

The shape of the grooves was determined by calculating the phase change necessary to convert the diverging Gaussian XFEL
beam from the undulator to a converging Gaussian waveform whosc waist is at the sample position. The radial phase profile
was converted to a depth profile by multiplying by the optical constant for C which, at 8.275 keV, is 18.8 um / 2.
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Figure 4. Details of the warm dense matter (plasma cxperiment) lens design. a) the Cu mount, b) the Cu mount and lens, c) another

view of the mount and lens, d) an enlarged view of the center part of the mount and lens, e) the C lens (before thinning), f) detail of the lens

surface, g) the FEL beam profile shown on the same vertical scale as the lens detail in f.

5. GRAZING INCIDENCE OPTICS

The atomic physics experiments® will use the LCLS photons at ~1 keV (for highest inner shell cross sections, and to satisfy
energy thresholds) to create multiple core hole states, to investigate non-resonant two-photon ionization of the L shell, and to
study giant Coulomb explosions. The first experiments will be on core hole formation, requiring that two photons be
absorbed by the K shell before Auger relaxation occurs. A beam focused to a spot diameter 0.1 pm has been requested,
although a larger diameter (1 Lm) may be acceptable. Apertures may be used to remove spontaneous radiation, and a grazing
incidence mirror used as a filter to remove higher harmonics (e.g. the third harmonic at 2.4 keV when the fundamental is 0.8
keV). Here we consider the focusing system.

Figure 1 illustrates that, at the location of Hall A, focusing with a transmissive lens might be possible using the lowest Z
materials. However the margin of safety is very small, and with multiple shots the temperature increase becomes a problem.



Instead we propose to use grazing incidence mirror geometry; an ellipsoidal or parabaloid surface focusing in two
dimensions. The absorbed energy per atom is given by®

Ebeamsm(ei)a ~R)

d25n
w o a

’n:

Here E,,, is the beam energy per pulse, dw the beam diameter at the optic, 91- the grazing incidence angle, & the penetration
depth (approximated by the maximum of the 1/e penetration depths of the light and subsequent photo-electrons) into the
material in a direction normal to the surface, n, the atomic density of the material, and R the reflection cocfficient. As the
grazing angle is decreased the reflectivity term (1-R) and the footprint term Sin(6,) / d’ decrease the absorbed energy
density. Until the critical angle is reached (from above) the penetration depth decreases, so this term increases the absorbed
energy density.

The material is chosen to accommodate the high fluence, so must be low Z. Figure 5 shows the ratio of energy absorbed per
atom at a given grazing angle to that absorbed for normal incidence, for Si at both 0.8 and 8 keV. Large reductions are
possible below the grazing angle. Including an estimate for the photo-electron penetration depth shows that an order of
magnitude reduction from the marginally safe energy load is possible at 1 degree.

The proposed design is for a Be, C or Si parabaloid lens with grazing incidence angle 1 degree, distance to focus of 1 m, and
thus a radius r=+/1.2188x 107z (m) (= 3.5 cm at the center of the beam). The full-width-haif-maximum beam
diameter, ~ 650 um for 1 keV photons at the experimental location, implies a mirror length ~ 7 ¢cm. To achieve the 0.1 um
spot diameter implies a surface finish ~ 5 nm, a maximum slope error ~ 0.5x107 rad, and a maximum tilt of the axis of 1x107
rad. The maximum slope error, beyond state of the art, is relaxed present capabilities for the 1 um spot diameter.
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Figure 5. The muitiplicative factor on the tolerable fluence as a function of grazing incidence angle, for a plane Si surface irradiated by
800 and 8000 ¢V photons. For 800 eV the results are shown with and without a correction for photo-electron penetration. The critical

angles are marked as vertical lines.

Two techniques are considered for manufacturing the optic. First only that part of the parabaloid that will reflect the photons
can be constructed, i.e. a section ~ 7 cm long by ~ | mm wide. This can be made by numerical machining, an expensive
process if large numbers of lenses are required. Alternatively full parabaloids can be made by sputter depositing layers of
materials (e.g. Be, or C) onto a super-smooth mandrel, thus forming an optic from the inside outward. When the mandrel is
separated from the sputtered foil, the innermost layer replicates the mandrel smoothness and serves as the reflecting surface.
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The focusing element is thus a tube that is open at both ends, as shown in Figure 6. X-rays entcr one end, undergo a single
reflection at the interior surface, and exit from the other end with a different direction of travel. It may also be possible to
form a Si optic using a mandrel rotated into a Si block. If required a beam block is can be used to stop any direct non-
reflected x-rays from exiting the optic.

Grazing incldence surtace

Figure 6. A schematic drawing of a replicated parabaloid lens, used for focusing.

Stress-relieved specular (and if required multilayer) reflecting surfaces and supporting electroplated shells do not deform
during the separation process and consequently produce super-smooth surfaces comparable to the initial mandrel surface (i.e.
rms = 3 to 4.5 A) with figures replicating the mandrel figure. In principle, single layer specularly reflecting surfaces only
require that the total thickness of the single reflecting media layer be controlled for effective reflection performance to be
achieved. In practice, it is necessary to maintain surface roughness and composition at levels which are technically required
for effective performance. Calibration, in this case, requircs only a quantitative knowledge of the layer thickness deposited
on the replication mandrel surface under specified deposition source and replication mandrel motion conditions. Typical
specular reflecting material structures are between 25 nm and 50 nm thick.

6. DIAGNOSTICS

Based on the list of initial experiments, a set of common usage diagnostics has been developed. They are categorized as
either needed for measuring the coherent radiation properties, or the spontaneous radiation properties. For each they include:

Spectrum (Low energy: grating spectrometers. High energy: crystal spectrometers)
Energy (Accurate, intrusive: calorimetery. Monitor every pulse: ionization chamber)
Profile, divergence, pointing, (Accurate and monitor: x-ray CCD camera)

As an example, a scheme being considered for the x-ray CCD camera to measure profile, divergence and pointing is shown in

Figure 6a. A small fraction of the x-ray FEL beam is reflected by a thin foil of a low Z material such as Be, acting as a beam

Il()

splitter, onto a doped YAG crystal . Fast framing CCD cameras, suitable for recording the data, exist today.
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Figure 6. a) A schematic picture of a foil used as part of a detection system for characterizing beam profile and pointing. b) A

schematic of a proposed technique to measure beam width using Compton scattering from a gas celi.

X rays are reflected from both front and rear surfaces of the foil. A suitable grazing angle is determined by the interplay
between reflectivity, and reflection sensitivity to surface roughness. The foil thickness is determined by absorption, loss of
spatial resolution caused by the shift of the images produced by retlections from the front and the rear sides of the foil, and
incoherently, isotropically scattered light. The relative importance of this scattered light is reduced by increasing the distance
between foil and detector. Fluorescence of heavier impuritics can be mitigated in a similar manner. The most important
issue is the foil quality. For example, if the surfaces of the film are wavy, then the images created by reflection {rom the two
surfaces are distorted. Typically the two sides of the foil must be parallel to better than 40 prad. This planarity constraint
must be satisfied on the scale ~2 mm, corresponding to the large axis of the beam imprint on the reflecting foil.

An alternate scheme, illustrated in Figure 6b, utilizes Compton scattering from a supersonic jet. Imaging is via a pinhole or
slit, and again the detector is a YAG crystal and CCD camera. A thick Be foil may also be used as the scattering element.

Challenges remaining to be overcome include the measurement of temporal distribution, the mcasurement of coherence (an
asymmetric Michelson interferometer has been suggested for this measurement®), and the measurement of the relative timing
between the FEL beam and a laser when they are used in pump-probe configurations.

SUMMARY AND CONCLUSIONS

The Linac Coherent Light Source is a proposal for the first in a new class of light sources. The unprecedented brightness
implies a high energy loading on optics and diagnostics, and offers the opportunity for design innovations. Optics designs,
have been presented involving the use of a far-field experimental hall, a gas absorption cell, low-Z optics, and grazing
incidence optics. Part of the R&D strategy is to utilize an example of each type of optical design early in the experimental
program, to gain experience. Should these be insufficient, optics whose surfaces can be continuously replenished have been
considered (e.g. liquids and plasmas). There is also the solution of dynamic solid state optics, that are spatially translated
between shots. Concerning diagnostics, we have given an example of the research and development being pursued for one,
namely that required to measure beam pointing, profile and energy. There arc many challenges remaining, for example how
to measure pulse duration, and synchronization.
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