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Multilayer-based radiation pulse slicers for Linac Coherent Light Source (LCLS)
applications
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ABSTRACT

The SLAC Linac Coherent Light Source (LCLS), an X-ray Free-Electron Laser (XRFEL) designed to operate over a
fundamental energy range of 1 - 8.5 keV, is expected to produce ultra-short pulse lengths down to ~ 200 fs. Even though
this represents an enormous decrease with respect to currently available  high-brightness X-ray sources, it is believed that
for a number of proposed LCLS applications (e.g., imaging or structural studies of molecular clusters with highly focused
pulses) it will become necessary to reduce the pulse duration even further, possibly by as much as 1-2 orders of magnitude.
Of the various compressive or chopping (i.e., slicing) optical techniques considered for shortening the pulse, the focus of
one of our recent studies has been on a recently proposed slicing scheme based on the interaction of a longitudinally chirped
LCLS pulse with a specially designed multilayer. The chopping mechanism is the selective reflection of only that sub-
interval of the pulse that fulfills the multilayer Bragg condition. Of particular interest are the reflection efficiency and the
distortion induced in the temporal fine structure of the reflected pulse, both of which can be critical to the efficacy of the
scheme for a given application. Here we present results of selected parameter studies of different multilayer-based  beam
chopper systems using codes and LCLS radiation models developed at SSRL and LLNL.

Keywords:  Free-Electron Laser (FEL), X-Ray Free-Electron Laser (XRFEL), Self-Amplified Spontaneous Emission
(SASE), Linac Coherent Light Source (LCLS), temporal compression, time slicing, Fourier transform, multilayer, phase
space, Bragg condition, impulse response, convolution

1. INTRODUCTION

In recent years, one of the more promising directions in Ångstrom-wavelength 4th Generation synchrotron radiation
source development has been the linac-driven Free Electron Laser (FEL) operating in the Self-Amplified Spontaneous
Emission (SASE) regime [1,2]. Fundamental characteristics of  this source, when based on designs using present-day
technology [3,4],  include the attainment of fully transversely coherent output pulses with ~0.1% bandwidths, output powers
of tens to hundreds of gigawatts, beam diameters of the order of 100 µm, beam divergences of the order of 1 µr, and output
pulse lengths of the order of 100 femtoseconds. The advent of these parameters has in turn stimulated a widespread interest
in the X-ray scientific community, and a number of workshops have been held in recent years to explore scientific
applications made possible by this novel source [5,6,7,8]. One result of such assessments, presently being incorporated, for
example,  into the Conceptual Design Report of the SLAC Linac Coherent Light Source (LCLS) [9], has been the
realization that a number of frontier scientific  applications will  require  radiation phase space parameters of  one-to-
several  orders of  magnitude beyond those available in the raw FEL pulse [10,11]. As a consequence, directed efforts by the
SLAC LCLS R&D Program's FEL Physics and X-Ray Optics groups have been undertaken  to  accomplish  these  goals
[12]. One  particularly challenging

undertaking, the attainment of FEL pulse lengths down to the order of 10 fs using multilayers, is the subject of this paper.

________________________________________________________________________________________
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2. LCLS TEMPORAL PULSE SLICING USING MULTILAYERS

The proposed slicing technique [13,14] is schematized in Fig. 1. An LCLS pulse with a longitudinal monotonic
wavelength chirp ∆λ0N(=λ0- λN) and total length L is made to intercept a multilayer with period d at an incidence angle θ.
If some subinterval of the impinging pulse has a mean wavelength λi, which satisfies the multilayer Bragg condition λi=
2dsinθ,  then that part of the subinterval that lies within the multilayer’s passband,  ∆λ , will be reflected at an exit angle θ,
while the remainder of the pulse will be scattered and absorbed.
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Figure 1. Wavelength dependence of chirped LCLS pulse (top left). Wavelength dependence of multilayer reflectivity (top right).
Schematic side view of pulse/multilayer interaction (bottom).

If the impinging pulse is transversely coherent and its angular divergence is negligible (viz., λ<<D, where D is the pulse
diameter), the longitudinal dimension of the reflected subinterval of mean wavelength λi can be expressed as

                                              δ =
∆λ

∆λ0N

L + δ’’ .
(1)

Here the first term on the right represents a linear approximation to the length of the sliced pulse and δ'' represents an
additional minimal dilation stemming from the detailed time response of the multilayer to an incoming plane wave of finite
longitudinal extent. In the following sections an analysis of a general multilayer's temporal response to radiation pulses of
arbitrary temporal profile will be outlined and the results will be applied to practical multilayer systems interacting with
LCLS radiation pulses.
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3. MULTILAYER RESPONSE IN THE TEMPORAL DOMAIN

As has been shown elsewhere in the literature [e.g., 15,16,17], the response of a multilayer to a monochromatic plane
wave of unit amplitude, frequency f, and incoming angle θ can be expressed as a complex reflectance,
˜ r f ,θ( ) = r f ,θ( )eiφM f ,θ( ) . More generally, if the incoming wave has the complex spectral-angular distribution a f ,θ( )eiφa f ,θ( ) ,
then the reflected wave can be described by the complex amplitude ˜ a f ,θ( )= a f ,θ( )eiφa f ,θ( )˜ r f ,θ( ). Following from general
properties of linear systems [18], the temporal profile of the reflected wave is then given by the convolution of

  
F -1 a f ,θ( )e φ a f ,θ( ){ } with 

  F
-1 ˜ r f ,θ( ){ }, where the scripted F

-1
s denote the inverse Fourier transforms of the quantities inside the

curly brackets.

4. MULTILAYER NUMERICAL STUDIES

With reference to Eq. (1), it is evident that multilayers with the smallest bandwidths and highest reflectivities will yield
the shortest pulse slices with the largest possible number of photons. To help identify candidate structures for LCLS pulse
slicing applications a number of parameter studies of the W/B4C system were first carried out for 1.5 Å radiation [12-14]. A
code based on the rigorous dynamical matrix formalism of Abeles [15,19] was utilized for the calculations. The results,
displayed in Fig. 2, indicate that reflectivities of ~60% and better can be attained with this system..
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Figure 2. Reflectivity curves for W/B4C multilayers with various parameter values adjusted for pulse slicing applications.
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Next, the reflectivity of a Si/MoSi2 system fabricated at LLNL [20] was calculated (see Fig. 3). This structure, featuring
1250 layer-pairs characterized by exceptionally small interfacial roughness of ~1 Å and a period of ~10 Å, features a
reflectivity of ~ 56% and a bandwidth of ~ 0.17%, a factor of ~3 narrower than the smallest-bandwidth W/B4C structure.
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Figure 3. Reflectivity curve for Si/MoSi2 multilayers fabricated at LLNL.

Next, the inverse Fourier transforms of the complex reflectance functions of the calculated multilayers were computed.
The temporal response curve for Si/MoSi2 is shown in Fig. 4, while the reflectivity of the smallest-bandwidth W/B4C
structure and the inverse Fourier transform of its complex reflectivity are shown in Figs. 5 and 6, respectively. The FWHM
of the temporal response curves are seen to be consistent with the expected inverse scaling with respect to the FWHM
multilayer bandwidths.
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Figure 4. Temporal response curve of Si/MoSi2 multilayer.  The range of the abscissa corresponds to 800 wavelengths of 1.5 Å light.
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Figure 5. Reflectivity curve for W/B4C multilayer.                    Figure 6. Temporal response curve of W/B4C multilayer with
                                                                                                                 an ~0.51% bandwidth.  The second peak at ~2.6x10-16s
                                                                                                               corresponds to a reflection of the incoming pulse off the

                                              multilayer substrate.

5. PULSE SLICING PERFORMANCE STUDIES

As discussed in detail elsewhere [21], an LCLS radiation pulse can be represented as a superposition of wavetrains
randomly distributed in the longitudinal direction. For the purposes of this study we assume that a 1.5 Å LCLS pulse
consists of ~1400 randomly distributed truncated sinusoids, each exactly 300 wavelengths long. To assess the response of a
multilayer to the entire LCLS pulse the response of the multilayer to one of the truncated sinusoids comprising the pulse
must first be calculated. Prior calculations [13-14] displaying the intensity profiles of an incoming and reflected 300-cycle
sinusoidal pulse for the foregoing Si/MoSi2 and W/B4C structures are shown in Figs. 7 and 8. It is evident that the W/B4C

multilayer, with a substantially broader bandwidth and narrower temporal response, induces a substantially smaller amount
of temporal distortion into the reflected pulse than the Si/MoSi2 structure.
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     Figure 7. Temporal intensity profiles of  an incoming                           Figure 8.  Temporal intensity profiles of  an incoming
     truncated sinusoidal wave (rectangular pulse)  and the                        truncated sinusoidal wave (rectangular pulse )  and
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     same pulse reflecting off a Si/MoSi2  multilayer..                                     the same pulse reflecting off a W/B4C  multilayer.

Finally, in order to illustrate the influence of the multilayers being studied on the temporal profile of the truncated
pulse, we display 5 slippage lengths of the simulated LCLS pulse in Fig. 9 and the same pulse after reflecting off the
Si/MoSi2 multilayer in Fig. 10. It is evident that even for a multilayer with a relatively strong lengthening effect on the basic constituent

wavetrain comprising the LCLS pulse the overall effect on the temporal profile is minimal.
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Figure 9.  Temporal intensity profiles of  a simulated LCLS pulse.
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Figure 10.  Temporal intensity profiles of  a simulated LCLS pulse following reflection off a Si/MoSi2 multilayer..
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We can now  consider the performance of specific multilayer pulse slicers for LCLS applications. In addition to the
multilayers already computed we will also consider the fuller family of metal disilicide systems shown in Fig. 11 [20],
which includes the Si/MoSi2 reflectivity for comparison. We note that the narrowest bandwidth, ~0.09%, is predicted for
the Si/ZrSi2 system.
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Figure 11.  Reflectivity curves forn Si/metsal disilicide multilayers.

To calculate definite numbers, a set of four cases of electron beam compression and chirping is presented below in
Table 1 [22]. We recall that for a given relative energy chirp in the electron beam, the photon beam from will exhibit a
chirp approximately twice as large. Utilizing the preceding results, we can approximate the length of the sliced pulses for
each of these cases with the first term in Eq. (1).  For each of the four electron beam cases the results are tabulated for the
W/B4C, Si/MoSi2, and Si/ZrSi2 systems in Table 2. Clearly, when ∆λ > ∆λ0N, no pulse length reduction is possible (Case
1).

Table 1.
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compression
scenario

e− FWHM
bunch length

e− FWHM
energy
spread

Charge CSR /
wakefield

‘risk’
[fsec] [%] [nC]

Nominal 255 0.06 1 nominal

case-1 10 0.07 0.2 high

case-2 130 +0.20 1 high

case-3 670* -0.25 1 low

case-4 255 +2.00 1 high

* peak current of just 1.5 kA requires emittance of ãå = 1 ì m

Possible compression configurations to achieve ‘short bunch’Possible compression configurations to achieve ‘short bunch’
April 17, 2000April 17, 2000

Table 2. Attainable sliced pulse lengths for the LCLS.

BW [%] Case 1 Case 2 Case 3 Case 4
W/B4C 0.5 N/A N/A N/A 32 fs

Si/MoSi2 0.17 N/A ~55 fs ~228 fs ~11 fs
Si/ZrSi2 0.077 N/A ~25 fs ~103 fs ~5 fs

6. DISCUSSION

We have demonstrated that specially designed multilayers, when used to reflect LCLS 1.5 Å photon pulses with a
lingitudinal wavelength chirp,  are capable of slicing out subintervals of the pulse down to the sub-ten femtosecond range.
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