Self-seeded X-ray Free-Electron Lasers

Gianluca Geloni

Abstract Self-seeding is an active filtering method for Free-Electron Lasers (FELs)
enabling the production of nearly Fourier-limited pulses in the X-ray frequency
range where external seeding is not available. Schematically, it is composed by
three parts: a Self-Amplified Spontaneous Emission (SASE) FEL working in the
linear regime, a monochromator and an FEL amplifier. Active filtering is achieved
by letting the FEL pulse produced in the SASE FEL through the monochromator,
while the electron beam is sent through a bypass and its microbunching is destroyed
due to dispersion. The filtered SASE pulse, serving as a seed, is recombined with
the electron beam at the entrance of the FEL amplifier part. It is then amplified up to
saturation and possibly beyond via post-saturation tapering. This allows for the pro-
duction of high-brightness, nearly single-mode FEL pulses. The technique has been
or will be implemented in a number of X-ray FEL (XFEL) facilities under operation
or in the construction phase. In this chapter we review the principle of self-seeding,
its practical realizations and related techniques.

1 Introduction, Motivations and Historical perspective

An FEL system acts as an amplifier for a given input signal at a certain frequency.
This input signal is completely defined once the electric field, the electron current
density modulation and the electron energy modulation at the entrance of the FEL
undulator are specified. From a mathematical viewpoint, these three quantities con-
stitute the initial conditions for the FEL dynamical equations and can differ very
much depending on the FEL system configuration (see e.g. the textbook [1]). For
an externally seeded FEL, an electric field can be provided e.g. by injecting a laser
pulse into the system, while the initial electron current density and energy modula-
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tion can often be neglected. In this case, the FEL works as an amplifier for a fully
transversely and longitudinally coherent input signal.

In contrast to that, in a SASE FEL [2, 3], it is the current density modulation
arising from shot noise that serves as an input signal, while the initial energy modu-
lation can be neglected and there is no initial input field. Therefore, in a SASE FEL
the input signal is a realization of a Gaussian stochastic process, and it is constituted
by many transverse and longitudinal modes.

The FEL amplification process itself is parametric. This means that once the
undulator parameter is specified, amplification still depends on the electron beam
properties: energy, current, energy spread and emittance as a function of the posi-
tion inside the electron beam. Only once these properties are fixed the response of
the FEL to an input signal at a given frequency is fixed as well, and can be described
in terms of a superposition of well-defined self-reproducing transverse modes prop-
agating along the undulator with different gains. Because of this difference in gain,
if the undulator is long enough one mode dominates over all the others and the out-
put radiation from a SASE FEL is nearly fully transversely coherent, even though
the input signal is not.

In contrast, no mode selection takes place in the longitudinal direction. As a
consequence, if the FEL process begins with a coherent input signal the output is
characterized by an outstanding longitudinal coherence too, but if it starts from an
incoherent input, like the noise density modulation in the SASE case, the output also
consists of many independent longitudinal modes. Note that the resonance condition
imposes that radiation slips forward with respect to the electron beam, one wave-
length every undulator period. Due to the exponential nature of the amplification
process, this fact roughly limits the build-up of any longitudinal correlation of the
electric field during the FEL process to the scale of a number of wavelengths equal
to the number of undulator periods within a gain length. In other words, different
parts of the electron beam lase in a completely independent fashion.

Currently, the limits to the longitudinal coherence in short-wavelength FELs op-
erating below the nanometer range cannot be overcome with the help of an external
seed due to the lack of coherent X-ray sources powerful enough to compete with
the equivalent shot-noise level of the electron beam. Because of this reason, up to
recently, only rather incoherent SASE FEL radiation was available to experiments
at those short wavelengths. Yet, many experimental applications benefit from radia-
tion with a high degree of longitudinal coherence. Self-seeding answers the need for
improving longitudinal coherence of FELSs in the short-wavelength range mentioned
above, to which we will limit our considerations in this chapter.

Of course, the spectral bandwidth of SASE FELs can be narrowed with the help
of crystal monochromators, which are installed as standard equipment in many in-
struments. However, the use of monochromators just corresponds to passively fil-
tering the output radiation and results in a decrease of the pulse spectral density. In
contrast to that, self-seeding can be considered as a kind of active filtering process,
where the SASE radiation is first passively filtered, and then amplified again. In this
way, it is the radiation from the FEL itself which, once filtered, acts as a seed, hence
the denomination ‘self-seeding’.
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The original self-seeding idea can be found in [4]. In general, a self-seeded FEL
consists of three parts. The first part is an FEL working in SASE mode and in the
linear regime. In the second part the radiation pulse and the electron beam are sep-
arated and manipulated in such a way that the electron beam density modulation
built up during the previous FEL process is destroyed with the help of a dispersive
element, while the bandwidth of the radiation pulse is narrowed down, so that it can
serve as a seed. Finally, the third part is an undulator working as an FEL ampli-
fier. Possible realizations of self-seeding differ, depending on the way radiation is
monochromatized in the second part of the setup. Fig. 1 shows the case of a grating
monochromator (a), of a four-crystal monochromator (b) and of a single crystal or
‘wake’ monochromator (c). Solution (a) (with a modified design compared to that
shown in the picture) and (c) were built in practice and will be discussed in detail in
the following sections.

Note that, independently of the setup design, the seed should be strong enough
to overcome the equivalent shot noise power in the electron beam, and the electron
beam quality at the entrance of the last part of the self-seeding setup should be good
enough to allow for efficient amplification to take place. Then, in the third part of the
self-seeding setup the seed is superimposed with the electron beam, which is still a
good active medium, and is thus amplified. In this way, the spectral brightness of a
conventional SASE FEL is increased manyfold. More precisely, if the peak power
of a self-seeded pulse is the same as that of a SASE pulse, the spectral brightness of
the self-seeded pulse is increased of a factor roughly equal to the number of modes
in the SASE pulse.

The feasibility of the scheme heavily relies on the extremely good quality of
the electron beam delivered by state-of-the-art accelerators like those at the largest
XFEL facilities under construction or in operation [5, 6, 7, 8, 9]. The length of the
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undulators in many XFELs actually exceeds that needed to strictly reach satura-
tion at nominal design energies. This extra available length opens the possibility to
implement schemes beyond baseline, like self-seeding.

At the time when [4] was written, no hard X-ray FEL was available. Therefore
the self-seeding method was first proposed for the first soft X-ray FEL facility in
the world, the Tesla Test Facility TTF, that was under construction at DESY and
that now, after upgrades, is known as FLASH [10]. There it was suggested to use a
grating monochromator to filter the SASE pulse in the linear regime from the first
part of the self-seeding setup, Fig. 1(a). One of the main issues with the realization
of that scheme was the limitation of the delay of the radiation pulse relative to the
electron beam introduced by the monochromator. This delay must be compensated
by the dispersive element, a chicane or a bypass, which delays the electrons and
- as discussed above - has also the function of destroying the microbunching ac-
cumulated in the first part of the self-seeding setup. If the delay is in the order of
tens of picoseconds, a short chicane cannot compensate it, and one needs to resort
to a longer bypass [11]. Therefore, great care has to be put in the design of a suit-
able monochromator. In the soft X-ray range, a grating monochromator specially
designed to keep the delay well below a picosecond recently allowed the applica-
tion of self-seeding in the soft X-ray range around 1 keV at the LCLS [12] using a
very compact setup. In the hard X-ray range above 3 keV, crystal monochromators
can be used. As suggested in [13], instead of a grating monochromator one may
use a four-bounce crystal monochromator, Fig. 1(b). However, also in this case spe-
cial care must be taken in the monochromator design, in order to limit the delay
of the seed with respect to the electron beam. Moreover, the use of conventional
monochromators is complicated by the task of aligning the electron beam to obtain
proper overlap with the radiation pulse at the entrance of the radiator.

In the hard X-ray range a simpler scheme is available, which is based on a sin-
gle crystal monochromator [14], Fig. 1(c). This scheme relies on a single diamond
crystal, which transmits the spectrum of the impinging XFEL beam almost unvar-
ied, except for a very narrow spectral bandwidth. In other words, the XFEL spectrum
transmitted through the crystal presents a narrow dip. In the time domain, the pres-
ence of such dip corresponds to a monochromatic ‘wake’ following the main XFEL
pulse, which travels through the crystal almost unvaried, hence the name ‘wake
monochromator’. The wake is intense enough to be used as a seed and follows the
main radiation pulse with delays typically smaller than 100 fs. The great advantage
of a Hard X-Ray Self-Seeding (HXRSS) setup based on a wake monochromator
is its compactness and the simplicity of its alignment. Since the delay to be com-
pensated is smaller than 100 fs, a relatively weak magnetic chicane can be used as
dispersive element, and can easily be fitted into a few-meter long setup. Moreover,
the transverse alignment of the radiation pulse is automatically granted. Such a setup
has been built at the LCLS [15], where a self-seeded mode of operation is available
to users, and SACLA [16], and has been planned at all largest XFEL facilities under
construction [17, 18, 19].

Here we will give a review of self-seeding techniques at FELs with particular
attention, in section 2, to the wake monochromator case. The case of a self-seeding
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setup based on a grating monochormator will be considered in detail in section 3. In
section 4 we will discuss issues like the sensitivity of the technique on the electron
beam quality and the crystal heat-load. In section 5 we will consider the combina-
tion of self-seeding with post-saturation tapering techniques. Tapering consists of a
change in the magnetic field peak value along the undulator, in order to compensate
for the loss of energy of electrons, which goes into radiation [20]-[32]. This tech-
nique is particularly advantageous when coupled with self-seeding and will hope-
fully provide key for increasing the brightness of XFEL pulses of several orders of
magnitude [27]-[32]. Finally, we will come to conclusions.

2 Self-seeding XFELs with a wake monochromator

As already remarked in the Introduction, the original self-seeding concept [4, 13]
based on conventional monochromators, Fig. 1(a) and (b), is complicated by the fact
that a very long bypass is needed in order to compensate the delay of the electron
beam! introduced by the monochromator [11]. In fact, the bypass not only needs to
compensate the large delay, but must also be nearly dispersion-free, with matched
beta functions at the entrance and at the exit, and with the possibility of fine tuning
the extra path length. If no special design solutions are adopted, studies for e.g. the
FLASH case showed that several tens of meters are required, a large modification
to the baseline of any facility [11].

A possible way to overcome this issue was suggested [33, 34]. It amounts to
seeding an electron bunch with radiation generated by a previous one, based on a
photoinjector setup with a laser pulse doubler. Only a short chicane is then needed.
A first experiment for integrating the laser pulse doubler with an XFEL photoinjec-
tor was performed at FLASH and reported in [35]. A pulse doubler was recently
installed at the LCLS, allowing acceleration of two bunches in the same RF bucket
[36].

However, a simpler solution is available for hard X-ray energies above 3 keV,
based on a special monochromator known as ‘wake’ monochromator [14], Fig. 1(c).
With this kind of monochromator one can keep the delay around 100 fs and below
(depending on the electron bunch duration, as we will see). This allows for building
a self-seeding setup with a length limited to a few meters only. The use of a wake
monochromator also dramatically simplifies the tuning of the entire setup. Such
choice is currently the state-of-the art for self-seeding in the hard X-ray range. The
reasons for the limitation in energy is due to the crystal-based technology upon
which the practical realization of the wake monochromotor relies.

We will first discuss the principle of operation of a wake monochromator from a
very general standpoint, without considering, as in Fig. 1(c), its particular realization
based on a single diamond crystal. In fact, we find that the approach of decoupling

! In contrast to the delay issue, for an energy spread of order Ay/y ~ 0.01% and wavelengths in
the order of 0.1 nm, the electron beam microbunching is washed out already for an Rs¢ in the order
of a few microns.
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Fig. 2 Example of radiation spectra before (left) and after (right) a wake monochromator. The
filtering process, aside for absorption effects, mainly amounts to drilling a hole in the spectrum,
exactly at the seeding frequency.
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the general idea from the practical realization is more interesting from a theoretical
viewpoint.

2.1 Principles of Operation

The wake monochromator principle is based on the idea of placing a bandstop filter
on the path of the FEL pulse from the first part of the self-seeding setup so that,
after transmission, the spectrum exhibits a narrow dip in the bandstop region. This
dip should be narrower than the average spike in the FEL spectrum and must be
tuned exactly at the frequency where one wants to seed, as illustrated in Fig. 2. This
last fact is obviously paradoxical, and is better explained in the time domain. Let
aside for a moment the dependence on the transverse coordinates, the relation be-
tween frequency and time domain can be qualitatively explained in the following
way. In the frequency domain the field of the transmitted X-ray pulse is given by
the product of the incident field and the transmissivity of the filter, which are both
complex functions of the frequency with given modulus and phase. In the time do-
main, instead, the transmitted X-ray pulse can be seen as a convolution between the
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incident X-ray pulse and the inverse Fourier transform of the filter transmissivity,
which behaves as impulse response for the entire system, and will be called .7

Schematically, in the frequency domain a bandstop filter can be represented as
the difference between two terms. The first is an almost constant term, ideally equal
to unity if one neglects absorption related to the filtering process, and models the
fact that the signal is transmitted without variation outside of the bandstop region.
The second term consists of a narrow window function of the frequency multiplied
by a phase factor. The exact shape of this second term depends on the physical
realization of the filter. By linearity of the Fourier transform, one can analyze the
two terms separately in the time domain and then add them together. The Fourier
transform of the first term yields a Dirac-0 function. Convolving it with the incident
signal gives back the original signal in the time domain. This is intuitively sound: if
there is no bandstop filter, one obtains the original signal. The Fourier transform of
the second term yields, instead, a function which decays to zero with a characteristic
time of order of the inverse of the banwidth of the bandstop filter. The phase of the
second term is responsible for causality, meaning that if the original signal starts at
t = 0, the convolution with the original signal must be zero when ¢ < 0. The role
of the phase is also intuitive, if one remembers that the derivative of a frequency
phase gives a group delay at a given frequency. As a result, one obtains an impulse
response that is composed of a sharp, Dirac-6 function followed by a tail decaying
with the inverse of the bandwidth of the bandstop filter.

The field transmitted in the time domain is the convolution product of the impulse
response with the initial electric field pulse in the time domain. From our previous
discussion it follows that such a field consists of a main radiation pulse reproduc-
ing the initial one followed by a tail, Fig. 3. The monochromatization process is
completed by superimposing the electron bunch on top of this tail. This operation
is mathematically equivalent to a multiplication by a temporal window of duration
equal to the bunch duration, centered on the radiation tail. Note that without this
last operation there would be no monochromatization process at all. An alternative
view of this process is a spectral measurement performed with a very short measur-
ing time, the bunch duration, which limits the spectral range of the measurement,
actually enforcing monochromatizaton.

Let us now write the transmissivity as 7(®) = |T(®)|exp[i®(®)]. While in the
case of a crystal-based realization (see section 2.2) one can directly determine 7'(®)
using the dynamical theory of X-ray diffraction, from a theoretical viewpoint it is in-
teresting to consider the interdependence between |7 (®)| and & (w). As discussed
above, the impulse response of the system, which we called .7 (¢ ), must grant causal-
ity of the transmitted pulse. The assumption of square-integrability of .7, has far-
reaching consequences. One can write

[T (@)] = In[|T(@)[] +i®(w) . (1

Assuming 7 (t) real one has T*(®) = T(—) so that |T(®w)| = |T(—w)| and
P(w) = —P(—w). Therefore, using Eq. (1) it can be seen that In[T(w)]* =
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In[T(—)]. We can now invoke Titchmarsch theorem (see [37] and references
therein for a review) to ensure the existence of an analytic continuation of In[7 (®)]
to Q2 = w+i& for & > 0 as well as the fact that a Hilbert transform relates Re[ln(7)]
and Im[In(7')] in analogy with Kramers-Kronig relations [38, 39]. From the Hilbert
transform one obtains the following relation between the phase and the modulus of
the transmission function [40]:

20) > In[|T(w
P(0) = / a)|’2 a)’. )

In other words, Eq. (2) allows direct calculation of the phase of the transmission
function, @(®), once its modulus |T| is known. It should be noted, however, that in
applying such a procedure one tacitly assumes that In[|7(£2)|] is analytical on the
upper complex Q-plane. Causality implies this for 7(€), but not for In[|T(2)]],
which is a singular function whenever 7 () = 0: possible zeros on the upper com-
plex plane contribute with extra terms to the phase. This is why Eq. (2) is known as
minimal phase solution.

However, the passage through a filter with transmission function 7 (®) can be
very often modeled as the passage through a slab of matter with refractive index n
and thickness d according to

T(®)=exp [i?n(a))d} , 3)

implying

In[T()] = —O)lem[n(a))] + i%dRe[n(w)] . @

Since the Kramers-Kronig relations automatically hold for the real and the imagi-
nary parts of the refractive index (see e.g. [37], Paragraph 4.6.1 for a textbook ex-
planation), the validity of Eq. (2), and hence the possibility of calculating the phase
of the transmissivity upon the knowledge of its modulus, follows under the quite
general assumption of validity of Eq. (3), independently of the particular physical
realization of the filter. An application of this fact is shown in the Appendix, where
we consider an exotic realization of a wake monochromator for the long wavelength
range based on a ‘gas-cell’ monochromator. Due to several limitations also dis-
cussed in the Appendix this scheme remains, up to now, only of theoretical interest.

To close this section, we should consider that the discussion made up to now as-
sumes no dependence of field and transmissivity on transverse coordinates. A more
general treatment is possible, where one should consider the transmissivity as a
function of the temporal frequency and of the momentum vector of each plane-wave
component of the incident radiation, separately filter each plane-wave component of
the incident field and, finally, synthesize the outcoming field. However, the depen-
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Fig. 4 Drawing of the orien-
tation of the diamond crystal
used at the LCLS.

dence of the incident field on transverse coordinates can be readily included in the
present treatment. Moreover, it should be noted that the incoming XFEL beam is
very well collimated, in the order of a microradian, which is usually much narrower
than the angular acceptance of the filter.

In contrast to that, the spectral bandwidth of the incoming beam is much wider
than the bandwidth of the filter transmissivity, which is a function of the incident
angle of the radiation. As we will see in the next section, in the practical realization
of the wake monochromator based on a single crystal, this leads to a particular
coupling between transverse and longitudinal coordinate in the expression for the
filtered field.

2.2 HXRSS with a single-crystal wake monochromator

Above 3 keV, a single crystal plate in transmission geometry can be used in order to
obtain one particular realization of the filter described in the previous section. We
will designate this energy range as ‘hard X-rays’. The incident beam hits the crys-
tal at the Bragg angle corresponding to the seed frequency for a given reflection.
Part of the radiation in a very narrow bandwidth is reflected, while the transmitted
spectrum shows the narrow dip which is needed to implement the self-seeding wake
monochromator scheme. Due to low absorption, the choice of diamond is optimal
in order to minimize heat-loading effects. The dynamical theory of X-ray diffrac-
tion is the natural tool to be used in order to compute modulus and phase of the
transmissivity of the filter although, as discussed before, modulus and phase are
not independent of each other, but are linked by the Kramers-Kronig relations as
verified also in [14].
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Fig. 6 Transmissivity and impulse response for the C(004) Bragg symmetric reflection at 8 keV
from the crystal in Fig. 4. Note that the phase jumps abruptly of 27 radians in the impulse response
(right plot).

Depending on how the crystal is cut and on the seed energy, we can exploit
both symmetric and asymmetric crystal reflections. This fact was first realized at
the LCLS and discussed in detail in [41, 42] after successful operation of the first
HXRSS setup, where the 100 ptm thick diamond crystal proposed in [14] and shown
in Fig. 4 was used [15].

By rotating the crystal around the y axis (pitch axis) one can not only finely tune
the seed frequency for a fixed crystal plane, but also exploit several symmetric and
asymmetric reflections. This allows one to cover any energy between 3 keV and 13
keV using only five different reflections, see [42] for actual data: the C(111) asym-
metric reflection (in Bragg or Laue geometry, depending on the energy) above 3
keV, the C(113) asymmetric reflection in Bragg geometry above 6 keV, the C(004)
symmetric Bragg reflection above 7 keV, the C(333) asymmetric reflection in Bragg
geometry above 9 keV, and the C(444) symmetric Bragg reflection above? 12 keV. A
more detailed treatment of the different reflections is reported in [43]. Here we limit
ourselves to show, for illustration purposes, the scattering geometry, the transmis-
sivity and the impulse response pertaining the C(004) Bragg symmetric reflection
at 8 keV, Fig. 5 and Fig. 6. As discussed before, and as showed qualitatively in Fig.

2 Above 12 keV the efficiency of self-seeding tends to decrease due to a combination of different
reasons linked to the Bragg angle, the width of the reflection, and the gain length.
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2 and Fig. 3, the electric field after the first FEL part and the filter in Fig. 6 is ob-
tained in the frequency domain by multiplication with the transmissivity in modulus
and phase, while in the time domain the field corresponds to a convolution with the
impulse response. An overall decrease of the wake signal on a temporal scale of
the inverse Darwin width of the transmissivity is expected, but in addition to that
both the impulse response and the filtered field show ‘bump-like’ features related
to the physical realization of the filter which are explained in detail in terms of dy-
namical theory of diffraction [42]. From a practical viewpoint, the duration and the
amplitude of these features are linked to the crystal thickness, which becomes an
important parameter to consider in the optimization of the seed, and not only in
relation to absorption issues.

Finally, it is very important to remark that a wake monochromator introduces a
particular spatiotemporal coupling of the seeded X-ray pulse, which has been an-
alyzed in the framework of the dynamical theory of X-ray diffraction [42] and is
relevant to self-seeding. Due to this distortion, the X-ray beam spot size is indepen-
dent of the longitudinal coordinate inside the beam, while the transverse position of
the beam centroid is not. In [43] it is shown that, based on the Bragg law, one can di-
rectly provide an explanation of spatiotemporal coupling phenomena. In fact, since
the transmitted and the incident beam have the same direction we can set 6; = 6,
and one obtains the following expression for the transmissivity 7'

T(ACO,AB,’) = T(Aa)+a)BA6cot(93)) R ®))

where Aw = (0 — wp) and AO = (6; — p) are the deviations of frequency and in-
cident angle of the incoming beam from Bragg frequency and Bragg angle respec-
tively. The frequency wp and the angle 05 are related by the Bragg law: wg sin(6p) =
7c/d and the transmissivity is invariant under angle and frequency transformations
obeying A®+ wpA 6 cot(0p) = const, also a manifestation of Bragg’s law. This cor-
responds to a coupling in the Fourier domain. In general, one would expect the trans-
formation to be symmetric in both the Fourier domain {k,, @} (with ky = @A B /c)
and in the space-time domain {x,7}, due to the symmetry of the transfer function.
However, it is reasonable to expect the influence of a nonsymmetric input beam dis-
tribution. The field transformation for the XFEL pulse after the crystal in the {x,7}
domain is given by

Eout(x,1) = FT{T[A®, (kx)in, (kx)out) Ein(A @, k) } | (©6)

where FT indicates the Fourier transform from the frequency domain {k,, @} to
the space-time domain {x,7}. In the self-seeding case, the incoming XFEL beam
has an angular spread a few times smaller than the angular width of the transfer
function®. However, the incoming beam is characterized by a spectral bandwidth

3 1t is indeed this narrow collimation that allows to assume that all frequency components of the
incident field impinge at the same constant angle.
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which is much wider than the bandwidth of the transfer function. Under this limit
and applying the shift theorem twice one gets

Eou(r,t) = 0(1) / " dieyexplicot Ogkeet) exp(—ikox)E (@, ko)
=n(t)a(x—ccotBpt) , (7

where 1(t) = 5= [~ dwexp(—iot)T () is the inverse temporal Fourier transform
of the transmittance curve (that is the impulse response).

Eq. (7) is universal i.e. valid for both symmetric and asymmetric Bragg and Laue
geometries. It describes our spatiotemporal coupling from a mathematical stand-
point. Its consequence on the operation of the self-seeding setup was studied by
characterizing the input coupling factor between the seed beam and the ground
eigenmode of the FEL amplifier in [43]. Qualitatively it was found that the input
coupling factor does not go abruptly to zero when the transverse offset becomes of
order of the rms transverse size of the photon beam. This is ascribed to the fact that
the photon beam intensity does not drop off as a Gaussian function.

2.3 Experimental realization

2.3.1 LCLS

The first HXRSS setup in the world was realized at the LCLS in 2012 [15]. The
self-seeded mode of operation is currently offered to LCLS users besides the base-
line SASE. The LCLS HXRSS system is based on a 100 um diamond crystal as
sketched in Fig. 4 and described in section 2.2. The diamond monocrystal was
grown at the Technological Institute for Super-hard and Novel Carbon Materials
(TISNCM, Troitsk, Russia), and is free to rotate around the pitch axis from 45 to
90 degrees (where 90 degrees indicate the FEL beam at normal incidence). The
diamond is placed in a vacuum chamber designed in collaboration with Argonne
National Laboratory [44]. The crystal is positioned in the 2.5 mm transverse gap
created by a 3.2 m-long chicane, capable of creating a variable electron beam delay
up to 40 fs, and installed at the sixteenth LCLS undulator module U16. A much
finer phasing between electrons and radiation is granted by bend trim coils, allow-
ing steps of 0.04 Angstrom, from zero to 10 Angstrom. The setup was first com-
missioned around 8 keV with the help of a Bragg camera to monitor the C(004)
reflection from the crystal as originally suggested in [45], and of a single-shot spec-
trometer using a Si(333) bent crystal as dispersive element, allowing for a resolution
of about 0.1 eV [46]. Reference [15] describes the production of single-shot seeded
pulses of about the same energy of SASE (around 240 pJ), but with a FWHM band-
width of about 0.4 eV, compared to a SASE FWHM bandwidth of about 20 eV. An
increase of the average FWHM seeded bandwidth up to about 1 eV was reported
and ascribed to shot-to-shot jitter of the electron beam quality. A relative electron
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Fig. 7 Many reflections are
available by tilting the dia-
mond crystal in Fig. 4 at a
certain pitch angle for a given
energy. Those with indexes
(hl,hz,l) and (hz,hhl) with
hy # hy are superimposed one
on top of the other.

Pitch Angle [deg]

energy jitter of about 5 - 10~* was found to be responsible for shot-to-shot intensity
variations larger than 50%. The LCLS team is working towards a reduction of the
electron energy jitter by tracking and correcting its causes. They recently reported a
decrease down to a typical relative jitter of 3 - 10~* at energies around 8 keV [47].
Brightness was also reported to be increased since the commissioning. In particular,
measurements performed with a four-bounce Si(111) monochromator showed that
the HXRSS mode of operation offers at least 3 times more average intensity than
SASE optimized for maximum pulse energy [48].

Following successful demonstration around 8 keV, operation of the HXRSS setup
at the LCLS was extended to other crystal reflections, which allowed wider tunabil-
ity in energy. Many more reflections than those discussed in section 2.2 are actually
available, Fig. 7. It was soon realized [49] that some of these reflections, namely
those with indexes (hy,hy,1) and (hy,hy,l) with hy # hy are superimposed one on
top of the other (see the [113] and [113] traces shown in Fig. 7 as an example).
However, the additional presence of a yaw rotational stage (between —2.5 and 2.5
degrees at the LCLS) allows one to decouple these reflections, and to control the
separation in energy between them at a fixed pitch angle just by tuning the yaw.
This opened the possibility of generating seeded pulses of multiple colors at the
LCLS [49], which are obtained by seeding simultaneously at energies within the
FEL bandwidth. It was shown that the energy separation could be further increased
at the LCLS by introducing a strong chirp in the electron beam energy. This method
also introduces a temporal delay between the two colors due to the temporal sepa-
ration of the two parts of the beam with different energy levels. Energy separations
larger than a percent can be obtained by accelerating twin bunches in the same RF
bucket, [36]. In this case, tunability of the delay between different colors is also
granted. An alternative way to produce multiple colors by filtering the initial SASE
pulse with multiple crystals tuned at slightly different energies was also theoreti-
cally discussed in [50], which allows, as a byproduct, to produce intense bursts of
coherent radiation in the optical regime, at an energy equal to the difference between
the two colors.

Finally, it should be remarked that once the crystal is retracted, the HXRSS chi-
cane at the LCLS has a use of its own as a diagnostics tool, allowing direct measure-
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ments of the average photon pulse length in the linear regime. The method was first
suggested in [51]. It consists in having two identical parts of an XFEL undulator
preceding and following a short chicane lasing in the linear regime, and recording
the average energy over an ensemble of radiation shots (for instance with a gas-
monitor detector) as a function of the chicane delay 7. This procedure allows one to
recover the autocorrelation function of the ensemble-averaged signal in the time do-
main (P(r)), i.e. A(t) = [~ dt (P(r — 7)) (P(¢)), which in its turn allows for direct
measurement of the duration of X-ray pulses of few femtoseconds. Note that this
method does not use the HXRSS crystal, and was available from the very begin-
ning of the HXRSS setup commissioning [52]. The self-seeding chicane alone can
also be used in order to generate two color SASE pulses (see [53] and references
therein).

2.3.2 SACLA

Following the LCLS pioneering demonstration, an HXRSS setup was installed at
SACLA between the eighth and the ninth FEL module. The necessary hardware
was installed starting from 2012, and the chicane was used for autocorrelation mea-
surements and for the production of 2-color SASE light [54], similarly as discussed
in [51] and [55], prior to the installation of the HXRSS crystal in 2013.

Results of the commissioning at a photon energy of 10 keV and at an electron
energy of 7.8 GeV are reported in [16]. In the SACLA setup, the diamond crystal is
cut as in Fig. 4, but it is 180 pm thick and is free to rotate between 0 and 180 degree
around the pitch axis. The C(004) symmetric reflection was used during commis-
sioning, corresponding to a Bragg angle of about 44 degrees. Delays of the two first
maxima in the wake were found respectively around 25 fs and 45 fs, in agreement
with theoretical calculations. In contrast to the LCLS, the SACLA undulator has
a tunable gap. It was therefore possible to set the Bragg angle and then optimize
the K parameter by measuring the Bragg-diffracted intensity on a photo-diode at-
tached (together with a CCD camera coupled with a phosphor screen for spatially
resolved measurements of the Bragg diffraction signal) on the 260-rotation arm of
the crystal camber. Following this step, the spectrum of the SASE radiation trans-
mitted through the diamond crystal was analyzed using a single shot-spectrometer
in the experimental hutch. Using a Si(660) crystal, a resolution of about 60 meV
was obtained, capable of resolving the dip in the transmitted spectrum created by
the passage through the crystal. Finally, the gap of the undulator modules down-
stream of the HXRSS setup was closed and self-seeded spectra were measured with
the help of the same single shot spectrometer, this time using the Si(220) reflection
to analyze the signal.

Average self-seeded spectra at 10 keV were reported with a spectral bandwidth
of 3 eV, about ten times less than SASE, and four times larger than the SASE back-
ground. The probability of observing the seeded signal in a single-shot spectrum was
found to be 42%, with an intensity fluctuation of 31% rms. The SACLA experiment
underlined a very high sensitivity of the seeding process on the RF accelerator set-
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tings, and confirmed the importance of a high stability of the electron beam quality
for self-seeding purposes.

3 Self-seeding X-ray Free Electron Lasers with a grating
monochromator

3.1 Principles of operation and design

The technical realization of self-seeding in the soft X-ray range moved back to the
original idea [4] based on a grating monochromator setup. The setup itself is more
complicated than that based on a wake monochromator. Moreover, the use of a con-
ventional monochromator introduces issues in the alignment of the setup. In partic-
ular, one needs to provide transverse overlap of electrons and seed at the entrance
of the second part of the undulator. In contrast to that, such overlap is automatically
granted in the case of a wake monochromator.

However, the use of a grating allows one to overcome the limitations in energy re-
lated to crystal-based technology, enabling continuous tunability of the setup around
1 keV. As discussed before, the main challenge with conventional monochromators
is the compensation of the delay of the X-ray beam with respect to the electron
beam. Previous designs at TTF and FLASH [11] would have introduced tens of pi-
cosecond delays, and relied on very long bypass lines (several tens of meters long)
in order to compensate it. This kind of design is clearly not easy to adopt, because
it radically changes the entire facility.

Considerable effort was invested in theoretical investigation and R&D of an
SXRSS setup at the LCLS. In a few years, a collaboration between SLAC, Lawrence
Berkeley National Laboratory, and the Paul Scherrer Institut led to design [56]-[58]
and implementation [12] of a very compact SXRSS grating monochromator intro-
ducing only a short delay of the radiation compared to the electrons, of about 0.7
ps.

The monochromator design differs from that in Fig. 1(a), and is sketched in Fig.
8. It is composed of only three mirrors, slits and a toroidal VLS grating. The chicane
acts as a bypass for the electron beam, while the incidence angle of the radiation
onto the grating is constant, in order to suppress the influence of the movement of the
source point in the first SASE undulator on the monochromator performance. A first
mirror (M1) can be pivoted around a fixed point, thus tuning the color going through
the slits, which is then extracted through the mirrors M2 and M3. The photon beam
is then refocused onto the electron beam at the entrance of the second undulator part
(not shown in the plot). The seed signal is attenuated of many orders of magnitude
compared to the incident one (typical numbers are 1uJ for the incident SASE pulse
and 1 nJ for the seed pulse), but is enough to seed the electron beam.
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Fig. 8 Sketch of the SXRSS
setup built at the LCLS [12].
The SASE pulse impinges on
the grating G, which acts as
dispersive element. The X-ray
pulse of a chosen frequency
is selected by pivoting the
mirror M1. The selected color
goes through the slits and

is further refocused on the
electron beam with the help
of the mirrors M2 and M3.

3.2 Experimental realization

The overall setup [12] built at the LCLS is capable of seeding an energy range be-
tween 500 eV and 1000 eV, with a resolving power between 2- 10> and 5- 103, It fits
a 3.4 m-long undulator section and was installed at undulator module U9. Designers
overcame a number of technical issues in order to engineer a compact setup intro-
ducing less than a ps delay in the photon beam. Commissioning challenges included,
as for the HXRSS case, the right choice of the length of the first SASE sections: too
few segments would have resulted in insufficient seed level, too many would have
spoiled the electron beam, not allowing for proper lasing in the second section. In
addition, a compromise between seed power and damage threshold for the SXRSS
optics had to be met. Other peculiar difficulties for SXRSS included the tracking
of the radiation pulse through a complicated setup made of five optical elements,
determining the positions of X-ray and electron beam notwithstanding the presence
of coherent radiation (which proved to be an issue for the proper functioning of the
diagnostics) and overlapping electrons and X-rays both in the transverse and lon-
gitudinal direction (the delay introduced in the SXRSS setup, albeit short, is still
much longer than that in the HXRSS case).

As for the HXRSS case, the quality of the electron beam and the stability of its
characteristics constitute limitations to the quality of the seeded beam. In partic-
ular, an rms energy jitter of 100% was observed when all shots were considered,
while the jitter was reduced to about 50% in the case when only on-energy shots
were selected (while SASE fluctuations are about 25%, due to the use of a slotted
foil [59, 60, 34], allowing for control of the electron bunch duration.). The shot-to-
shot wavelength stability was about 10~%, or 100 meV at about 1 keV, which had
the effect of broadening the average seeded bandwidth from 155 meV to 180 meV
FWHM.

Even accounting for these detrimental effects, in the case a hutch monochroma-
tor is used to filter both self-seeded and SASE pulses, the authors of [12] report
an increase in brightness of a factor 2 — 5 compared to optimized SASE. Such in-
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Seed position has a fixed wavelength! Seed position has a fixed wavelength!

No signal here!

(a) (b)

Fig. 9 The seed wavelength is fixed. Depending on the electron beam energy jitter, this wavelength
may be within the SASE FEL spectrum, as in plot (a), or outside it, as in plot (b). In this last case,
no seed signal is present.

crease reaches a factor 20-50 in the case non-monochromatized self-seeded pulses
are compared with monochromatized SASE pulses (as is requested in some experi-
mental applications).

4 Related issues

4.1 Sensitivity on the characteristics of the electron beam

As already discussed, the experiences at LCLS [12, 15] and SACLA [16] underlined
the sensitivity of the self-seeded pulses on the electron beam characteristics and their
stability, in particular electron energy chirp and electron energy jitter.

Linear energy chirp, that is a linear correlation between electron energy and po-
sition inside the electron beam is responsible for a shift of the final seed frequency.
Non-linear chirp is responsible for a spread of the spectrum instead. These facts can
be understood considering that upon interaction with the undulator field, the seed
pulse creates an energy modulation in the electron beam. This energy modulation
is then transformed into a density modulation due to the undulator dispersion Rsg,
which induces an energy-dependent trajectory according to dz = Rs5¢d 0, where dd
is the relative deviation from the design energy. It follows that, similarly as in a mag-
netic bunch compression, a linear energy chirp induces a uniform bunching along
the bunch with longer or shorter period compared to design (depending on the slope
of the energy correlation) with the overall effect of shifting the central wavelength
of the seeded pulse. If, instead, the chirp is non-linear, different parts of the bunch
are over- or under-compressed during the bunching process, resulting in a spread of
the spectrum. This effect is well-known from the theory of seeded FELs, see [61]
and references therein, and was included in HXRSS simulations before the actual
experimental verification of the technique, see e.g. [62]. It can be concluded that the
presence of non-linear energy chirp can easily constitute the limiting factor to the
spectral bandwidth achievable at each shot, which would be otherwise determined
by the length of the electron beam according to the Fourier limit.
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Electron energy jitter can impact self-seeded pulses inducing, instead, a jitter of
the final seeded-pulse energy. In fact, while the crystal transmission is fixed around
a certain frequency, the presence of electron energy jitter changes the central fre-
quency of the FEL amplification bandwidth. If the relative jitter becomes larger
than about p /2, where p is the FEL efficiency parameter, the central frequency of
the crystal transmission does not always superimpose with the FEL spectrum, and
not all pulses are seeded. This leads to an increase in the jitter of the final seeded-
pulse energy compared to the unavoidable jitter level related to the start-up from
shot noise in the first part of the undulator, Fig. 9. This effect was first pointed out
by the LCLS staff [15] upon realization of the first self-seeding setup and affects
both HXRSS and SXRSS [12] setups.

4.2 Heat loading and high repetition rate

Operation of self-seeding setups described up to now both in the hard and in the soft
X-ray regions is limited to low repetition rates in the order of hundred pulses per
second, which is what is currently achieved at SASE XFEL facilities like the LCLS
and SACLA [5, 6].

However, extension of these techniques to much higher repetition rates is needed
in order to match the typical operation modes of XFELs like the European XFEL
and LCLS-II [7, 63], which will be driven by superconducting accelerators. For
example, the European XFEL will provide up to 27000 pulses of X-rays per second
distributed in ten macropulses, each of them consisting of 2700 shots at a frequency
of 4.5 MHz [7].

In this case, the heat load on the optical elements can easily become an issue.
Here we will consider, as a particular example*, the case of a diamond crystal in a
wake monochromator. Heat-load effects become unacceptable as soon as the cen-
tral frequency of the transmission filter is shifted by the expected spectral width of
the self-seeded pulse. In fact, in this case one would notice a widening in the out-
put spectral bandwidth averaged over an ensemble of FEL pulses. Usually, a more
stringent condition is formulated, requiring that the central frequency of the crys-
tal experiences a shift of less than a Darwin width. Preliminary theoretical studies
conducted at the European XFEL [64] showed that a limit to the acceptable energy
per pulse around 8 keV (assuming the C(004) symmetric reflection in the diamond
crystal sketched in Fig. 5) is about 3 uJ. In particular, it was shown that the drift
in the central frequency of the crystal transmission is still within a Darwin width
when 1000 pulses with a transverse size of 35 um FWHM and at a repetition rate
of 4.5 MHz, each carrying about 3 uJ energy, impinge on a 100 gm thick diamond
crystal. In this case, a cooling system might be needed, but the heat deposited can
be removed without major problems.

4 For high repetition rates, heat loading studies will also be needed in the case of grating monochro-
mators in the soft X-ray spectral range.
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Fig. 10 Possible two-chicane HXRSS setup for the SASE2 undulator line at the European XFEL.
The SASE2 line is composed of 35 undulator segments. Each segment hosts a undulator with an
effective magnetic length of 5 m and period A4,, = 40 mm, together with an intersection about one
meter long including focusing elements and phase shifters. Each HXRSS setup can be placed in a
single segment.

Fig. 11 Incident power and
spectrum of the X-ray pulse
on the second crystal ( C(004)
reflection, diamond crystal as
in Fig. 5). These plots refer
to the two-chicane HXRSS

scheme for the SASE?2 line 100" s
at the European XFEL illus- '
trated in Fig. 10. The grey i .

PW]
PRAU]

lines represent 100 simula-
tions, with different initial .
shot-noise conditions. The /‘\ w" _L

black line is the average over T o 3 pee o oo
these 100 shots.

5.0x107

Fig. 12 Seed power and effect
of the second crystal ( C(004)
reflection, diamond crystal as
in Fig. 5) on the input spec-
trum. These plots refer to the
two-chicane HXRSS scheme

for the SASE2 line at the !

European XFEL illustrated in s a0

Fig. 10. The grey lines rep- _ o

resent 100 simulations, with g w0 S o

different initial shot-noise e ® e

conditions. The black line is X

the average over these 100 B om0 ook avios oo o o
shots.

In order to decrease the heat load on the crystal, one can opt for the exploitation
of a two-chicane self-seeding setup to increase the seed signal level against the
SASE noise level, Fig. 10. The overall idea, first formulated in [65], originates from
the observation that the signal impinging on the second crystal is characterized by
a much narrower bandwidth than the competing SASE signal. It follows that the
impinging signal level in the relevant frequency range around the seed is enhanced
by a factor comparable with the ratio between SASE and seed bandwidths.
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Simulations made for the European XFEL [66] showed that in the case of elec-
tron bunches [67] of 100 pC with the nominal peak current of 5 kA at 17.5 GeV
the number of segments in the first and in the second part of the undulator can be
reduced down to five and four, Fig. 10, compared to an optimum of seven for a
single-chicane scheme (like that in Fig. 1) thus reducing the intensity of the X-ray
pulses impinging on the crystals’ of about an order of magnitude, well below 3 uJ,
see Fig. 11 and Fig. 12. In case of higher charges, corresponding to longer bunches,
the energy impinging on the crystals increases too, but the advantage due to a better
signal-to-noise ratio remains.

5 Self-seeding and tapering

The most promising way to increase the output power of the SASE radiation is by
tapering the magnetic field of the undulator. Tapering [20, 21, 22, 23, 24, 25, 26]
consists of a slow reduction of the field strength of the undulator in order to pre-
serve the resonance wavelength as the kinetic energy of the electrons decreases due
to the FEL process. The strong radiation field produces a ponderomotive well, which
is deep enough to trap electrons. The radiation produced by these captured particles
increases the depth of the ponderomotive well, so that electrons are effectively de-
celerated, leading to an increase of the radiated power. Tapering thus results in a
much higher output power compared to the case of a uniform undulator. The un-
dulator taper could be simply implemented as a step taper from one undulator seg-
ment to the next. The magnetic field tapering is provided by changing the undulator
gap. A further increase in power is achievable by starting the FEL process from a
monochromatic seed, rather than from noise [24, 25, 26]. The reason is the higher
degree of longitudinal coherence of the radiation in the seeded case, which involves,
with tapering, a large portion of the bunch in the energy-wavelength synchronism.
In other words, in contrast to SASE, while slipping with respect to radiation, the
electron beam experiences a well-behaved ponderomotive potential. It is therefore
very natural to exploit self-seeding together with tapering [27, 28, 29, 30, 31]. In or-
der to be most effective, tapering begins slightly before saturation, and requires the
availability of a relatively long undulator. This situation will be realized in practice
at the European XFEL.

Fig. 13 and Fig. 14 illustrate simulations of the output from the setup described
in the previous paragraph, that is an HXRSS double-chicane setup at the SASE2 line
of the European XFEL. In particular, the tapering law and the output energy, power
and spectrum are shown. It seems feasible to produce TW-level pulses, owing to the
length of the undulators at European XFEL.

Physical effects involved in the description of the tapering efficiency including
3D effects were studied in [32], where the Kroll-Morton-Rosenbluth 1D theory [22]
is extended to a 3D model. In that paper an empirical law is also discussed, which

3 For high-repetition rate applications, at the European XFEL it was actually decided to install
two-chicanes HXRSS setups.
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Fig. 13 Tapering law (left) and energy as a function of the position inside the undulator (right).
These plots refer to the two-chicane HXRSS scheme for the SASE2 line at the European XFEL
illustrated in Fig. 10. The grey lines represent 100 simulations, with different initial shot-noise
conditions. The black line is the average over these 100 shots.
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can be used to optimize the energy exchange between electrons and electromagnetic
field, and which was also used to optimize the taper in the example discussed in
this section. Indicating with zg the initial tapering position and with ¢ and 8 two
fitting parameters, one expresses the undulator parameter along the output undulator
as K(z) = K(z0) [1 — a(z—z0)P]. Further studies of the dependency of the taper
efficiency on the electron beam transverse profile can be found in [68]. In particular,
in that reference it is shown that uniform and parabolic shapes lead to an increase in
the total radiation power in comparison with a transverse Gaussian shape, and to a
reduction of the energy in sidebands. Both at the LCLS [69, 12] and SACLA [16],
experimental tapering studies are underway for HXRSS and SXRSS setups in order
to optimize the output radiation power.

6 Summary and conclusions

Self-seeding [4] is an active filtering technique for X-ray FELs that allows for the
production of nearly Fourier-limited photon pulses with a reduced spectral band-
width, compared to conventional SASE. When coupled to tapering, self-seeding
techniques promise an even larger increase in brightness. While the basic physics



22 Gianluca Geloni

concepts involved in the description of self-seeding are independent of the spec-
tral range, the actual realization of a setup varies a lot from the hard X-ray range,
roughly defined as starting from about 3 keV, where crystal reflections are available,
to the soft X-ray range around 1 keV. In both cases considerable efforts have been
undertaken to minimize the setup dimensions, resulting in the proposal of a wake
monochromator setup in the hard X-ray case [14], and a grating monochromator
setup in the soft X-ray range [56, 57].

HXRSS setups have been installed and successfully commissioned at the LCLS
[15] and SACLA [16], while a SXRSS setup is now working at the LCLS [12].
Experimental demonstration showed that self-seeding techniques are much more
sensitive to the characteristics of the electron beam and to its stability, especially the
energy jitter, compared to usual SASE. This has triggered attention on the optimiza-
tion of the electron beam quality both at the LCLS [48] and SACLA [16]). In the
hard X-ray range, the presence of many usable reflections has enabled the possibil-
ity to deliver multiple colors within the FEL bandwidth, just by proper positioning
of the crystal [49].

Finally, whenever high-repetition rate is required, as in the case of the European
XFEL or the LCLS-II, special attention is needed to limit the heat load on the crys-
tal. Excess heat can be removed by cooling techniques. However, regardless of the
cooling technique considered, one can use a two-chicane scheme to increase the
signal-to-noise figure of a factor roughly given by the ratio of the SASE bandwidth
to the seeded bandwidth.

For the future, many facilities are considering the implementation of self-seeding
setups [70, 18, 19, 63, 71] above the 1 keV energy range. This technique is partic-
ularly appealing, given its relative simplicity, especially in the harder X-ray region.
Self-seeding has realized the dream of (nearly) single-mode FEL radiation pulses in
the short X-ray wavelength region.
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Appendix. Theory of Soft X-ray Self-Seeding (SXRSS) with gas
monochromator

The self-seeding technique was originally devised for the soft X-ray range. Even
before the successful demonstration of the HXRSS setup at the LCLS [15] and at
SACLA [16], the community recognized the need for an extension of the method
to the soft X-ray range. In fact, the use of diamond crystals to implement wake
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monochromators is unfortunately limited by the distance between atomic layers to
X-ray energies above 3 keV. However, as discussed in section 3.1, the general prin-
ciple of operation of a wake monochromator does not include exclusively the use of
crystals. In fact, the overall technique, albeit difficult to implement without crystals,
is only based on the possibility of obtaining narrow bandwidth ‘holes’ in the SASE
FEL spectrum. In [72] a possible extension of the wake monochromator method
to the soft X-ray range was presented, based on a gas cell filled with resonantly
absorbing gas. If the transmittance spectrum in the gas exhibits an absorbing reso-
nance with a bandwidth narrow enough for seeding then, similarly to the hard X-ray
case, the temporal waveform of the transmitted radiation pulse is characterized by
a long monochromatic wake. In other words, the FEL pulse forces the gas atoms to
oscillate in a way consistent with a forward-propagating, monochromatic radiation
beam.

In [72] it was proposed to take advantage of autoionizing resonances in rare gases
to seed in the XUV/soft X-ray range. The phenomenon of autoionization is well-
known in literature (see for instance textbooks like [73], [74] and references therein).
Here we consider Helium atomic gas as an example®. Autoionizing resonances re-
sult from the decay of doubly excited Rydberg states He* into the continuum, i.e.
He* — He™ + e~. Since the continuum can also be reached by direct photoion-
ization, both paths add coherently, giving rise to interference. This interference is
related to the typical Fano line shape for the cross-section as a function of energy
[75]. Here we only report the cross section for these series, which can be modeled
by the expression [76]:

(Era(a0/6:) + 1>2> | ®
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where the energy-dependent background cross-section expressed in Megabarn (1Mb
= 1018 cm?) is given by 0,(1) = —0.05504 — 1.3624 - 107*A +3.3822- 107512,
with A the radiation wavelength in Angstrom units, while the reduced energy &, is
defined as &, = 2(Eg, — hc/A)/I,,. The asymmetry index g, the energy of the nth
resonance Ep,, the resonance width I, can be found, for example, in [76]. Using
these parameters, the cross-sections for the series (sp,2n+) can be calculated from
Eq. (8) and are shown in Fig. 15 as a function of the energy. The photoabsorption
cross section o is linked to the light attenuation through a gas medium of column
density ng/, where [ is the length of the cell and ng the gas density.

If a monochromatic electromagnetic pulse of intensity Iy and frequency @ im-
pinges on a cell of length /, filled with a gas with density ng, the transmitted intensity
obeys the Beer-Lambert law

(@) = Iexp[—nolo(w)] . €)

6 Other gas choices are possible. For example, in [72] also Neon was considered for photon ener-
gies between 45 eV and 49 eV, and Argon for a photon energy of 28.5 eV.
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Fig. 15 Fano profiles for the
(sp,2n+) autoionizing series
of Helium. The cross-sections
are calculated following [76].
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As a result, by comparison with Eq. (9), the modulus of the transmissivity can be
defined as |T| = exp[—nolo(®)/2]. We may then write

In[7T(®w)] =In[|T(0)|]+iP(0w) = —nplo(w)/2+iP(w) . (10)

In the following we will choose a column density equal to nol = 10'® cm™2, and we
will restrict ourselves to the third (n = 4) resonant line of the (sp,2n+) ' By Rydberg
series for Helium. The cross-sections can be calculated with the help of Eq. (8). This
fixes |T| as a function of frequency. Then, following the general treatment in section
2, one can use Kramers-Kronig relation to recover the phase according to Eq. (2).
The final result in terms of modulus and phase of the transmissivity 7 is shown in
Fig. 16.

The filter described here’ can substitute the single crystal considered in the pre-
vious section for HXRSS. Therefore, the self-seeding setup just consists of the gas
cell, to be filled with noble gas, and a short magnetic chicane. Fig. 17 shows an
example of an FEL pulse filtered with the help of the gas monochromator. It refers

7 Different choices of the column density can lead instead to a band-pass filter, as discussed in [77]
and actually realized in [78].
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Fig. 17 Example of filtered
SASE spectrum (left) and
power (right) after a gas
monochromator. The high-
lighted part of the right plot
illustrates the wake. Even if it
is different from that created Lo
by a crystal monochroma- sono
tor, it can be used as a seed
exactly in the same way.

PRJAU]

to a case study described in detail in [72]. Note that the shape of the wake is now
completely different compared to the case of a diamond wake monochromator, but
this is not important. In fact, the radiation power within the wake is much larger
than the equivalent shot noise power in the electron bunch. therefore, it can be used
as seed pulse.

The scheme discussed here, while remaining of theoretical interest, has several
practical limitations. In fact, although the availability of a series of resonances and
of different gases allows for seeding at different frequencies, the scheme lacks con-
tinuous tunability. Moreover, not all resonances can be used. In fact, they should
be located further away from each other than the FEL bandwidth, and be narrow
enough to guarantee the applicability of the temporal windowing process. In the
case in Fig. 17, a rule of thumb requires a width narrower than 10 meV. In this case,
for example, only the second and the third Helium lines studied here are suitable, as
the first one is too wide, and starting from the fourth there is not enough separation®.

Finally, it should be stressed that the autoionizing resonance that we considered
here as an example is in the 20-nm range, which is outside the region of interest of
the self-seeding technique. A possible way to generate shorter wavelengths, down
to the few-nanometer range, is to use a two-stage output undulator, with the second
stage resonant to one of the harmonics of the first one [72]. In this way, the second
part of the output undulator acts effectively as a radiator, where one exploits the
non-linear bunching present in the electron beam.
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