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Abstract

An X-ray free-electron laser oscillator (XFELO) is a
— fourth generation X-ray source promising radiation with full
?5’ three dimensional coherence, nearly constant pulse to pulse
H stability and more than an order of magnitude higher peak
P o brilliance compared to SASE FELs. Proposed by Kim et al.

5 in 2008[1] an XFELO follows the concept of circulating the
8 light in an optical cavity - as known from FEL oscillators
£ in longer wavelength regimes - but uses Bragg reflecting
'g crystals instead of classical mirrors. With the new European
§ X-ray free-electron laser (XFEL) facility recently gone into
é operation, the realization of an XFELO with radiation in the
‘S Angstrom regime seems feasible. Though, the high thermal
< load of the radiation on the cavity crystals, the high sensi-
£ bility of the Bragg-reflection on reflection angle and crystal
< temperature as well as the very demanding tolerances of the
3 at least 60 m long optical resonator path pose challenges
4: which need to be considered. In this work these problems
‘8 shall be summarized and results regarding the possible inte-
g gration of an XFELO at the European XFEL facility will be
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INTRODUCTION

Current hard X-ray free-electron laser (FEL) facilities all
= use the self-amplified spontaneous emission (SASE) scheme
N for operation. While these sources produce very brilliant
- femtosecond X-ray pulses with excellent transverse coher-
% ence, they suffer from a lack of longitudinal coherence. A
= promising approach for reaching full longitudinal coherence
< in the hard X-ray regime proposed by Kim et al. in 2008
>* [1] is the X-ray free-electron-laser oscillator (XFELO). This
U scheme is based on using an undulator very short compared
g to state of the art hard X-ray SASE sources and a highly re-
o ﬂectlve cavity based on very pure diamond crystals serving
2 as Bragg reflectors. As these Bragg reflectors also act as
g spectral filters an XFELO promises a spectral bandwidth in

the order of the crystals bandwidth (AA/A,. = 10~ 5-1077)
g and therefore orders of magnitude better than SASE-FELs.
g Furthermore, as the radiation field is built up over many
g cavity round trips, very low shot-to-shot fluctuations can be
5 expected, even making the XFELO a promising candidate
3 for X-ray quantum optics (XQO) [2]. With the recently com-
g m1s510ned European XFEL the realization of an XFELO
<% becomes in reach. This is due to the facility’s excellent
= electron beam properties and especially due to its very high
'é bunch repetition rate of up to 4.5 MHz in pulsed-mode [3]
£ which enables resonator lengths of only 33 m.
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As will be evident from the following section, given the
beam properties of the European XFEL the single pass gain
exceeds a simple low gain oscillator, i.e. the case as dis-
cussed in the original proposition by Kim et al. in 2008.
This comes with some advantages such as lower demands on
the mechanical tolerances, but also with some disadvantages
as will be discussed later.

A major issue one needs to address when dealing with an
XFELO is the effect of the light-matter interaction between
the X-ray field and the Bragg reflectors. This is due to the
high requirements for the angular and spatial stability [4, 5]
as well as the necessity of very stable Bragg conditions. In
the following simulations excluding and including the effect
of heating on the XFELO stability will be shown indicating
a high relevance of appropriately handling heating effects.

XFELO WITHOUT HEAT LOAD

The simulations of an X-ray oscillator shown in this paper
are all based on a combination of the established FEL code
Genesisl.3[6] and a self written three dimensional wave-
front propagation code which first transforms the radiation
from the time into the frequency domain and then propagates
each two dimensional frequency slice based on the Fourier
Optics approach[7, 8]. The reflection of the radiation with
the Bragg mirrors (in all three reciprocal dimensions) is
currently evaluated based on the approximate two-beam dy-
namical diffraction theory!.
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Figure 1: The pulse energy in logscale vs. number of circum-
ferences after the undulator (blue), directly before reentering the
undulator (red) and of the forward transmitted pulse (orange) for
(a) 250 pC and (b) 500 pC electron bunches. The inset show the
saturated energy curve in linear scale and extents the abscissa.

Figure 1 shows the simulation results based on a very simple
two diamond mirror XFELO backscattering configuration?
with one focusing lens. For out-coupling the downstream

! It will soon be extended by the more general n-beam diffraction theory.

2 As such backscattering geometry induces multiple beam diffraction - not
included in the simulations - an actually realized XFELO would be based
on a more complex mirror setup.
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Table 1: Important Parameters Used for Simulation With the Slice Specific Parameters Given for the Slice with the Peak Current

bunch charge beam energy

energy spread energy chirp bunch length peak current norm. slice emittance und. parameter

q [pC] Eg [GeV] o [MeV] AE [MeV] tg [fs] 1,[kA] € (x,y) [mm mrad] Kung
(a) 250 14.5 0.5 17 24 5.05 (0.324,0.289) 2.8784
(b) 500 14.5 0.5 12 42 4.91 (0.364,0.338) 2.8685
und. length avg. beta  Bragg wavelength resonator length focal length angular jitter r-jitter mirror tilt cavity loss factor
Ly[m] B, [m] 2. [A] L¢g, [m] Srense [M] oy [nrad] 6, [fs] A® [nrad] Reay
20 25 1.3698 33.31 33.31 100 30 100 0.2

mirror is taken as only 7~y = 42 pm thick having a trans-
mission of 2.5 % at the resonant wavelength while the up-
stream one is taken as f-, = 150pm. The simulations
were calculated for realistic electron beam distributions pro-
duced by Igor Zagarodnov et al.[9] which were projected
and parametrized to the longitudinal dimension with every
slice of time containing information derived from the trans-
verse dimensions. Additionally important error sources such
as angular and timing jitter of the e-beam and mirror tilt are
included. Other errors such as absorption in the idealized
lenses are taken into account by using a cavity loss factor
R, describing the fraction of these losses compared to the
total reflected energy. Table 1 displays important parameters
of the electron distributions, the magnitude of the errors as
well as other significant parameters related to the XFELO
such as the undulator parameter K, the central reflection
wavelength 1., and parameters related to the optical cavity
configuration.

As Fig. 1 shows both the (a) 250 pC and the (b) 500 pC elec-
tron bunches saturate to quite high photon energies in the
millijoule range in only few passes while having a band-
width of only o/ = 107> and furthermore showing a very
high stability on the energy range as can be seen from the
inset. Still, there a some things to note. First, the (b) 500 pC
case shows with & = 9 a severely higher peak single pass
gain ¢ than the (a) 250 pC case with & = 3.5, while for a
SASE-FEL one would rather expect a comparable gain but
saturation at roughly twice the pulse energy. The reason for
that is the width of the electron bunches. As the temporal
width of the reflected pulse is, due to the small spectral re-
flection bandwidth, roughly on the order of 1 ~ 60 fs the
500 pC electron beam has more overlap with the reflected
and stretched seed and therefore also gets a higher gain. An-
other peculiar fact to note is the high transmitted energy
which is E200PC = 2.22(1) mJ for the (b) 500 pC and even
higher EZ2°PC = 2.32(1) mJ for the (a) 250 pC bunches and
therefore strongly exceeding the transmitted fraction of only
a few percent noted before. The reason is the same as for
the difference in gain. As due to the Fourier limit a 24 fs or
a 42 fs long electron pulse will always generate a spectral
width greater than the reflection bandwidth of the regarded
(3 3 3)-diamond reflex, the spectral tails which are outside
of this bandwidth will get transmitted width nearly 100 % as
shown in Figs. 2(a) and 2(b). As the single pass gain for the
regarded parameters is much higher than for a classical low
gain FEL oscillator there is a considerable fraction of energy
in these tails which leads to high transmitted energy but also
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a higher spectral width and quite peculiar spectral shape of
the transmitted pulse. Also the energy jitter of the transmit-
ted pulse is, with roughly a fraction of 10~2, lower than for
a SASE-FEL but higher than at a conventional FEL Oscilla-
tor(FELO) which averages the pulse energy over hundreds

of round trips.
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Figure 2: The spectra of the (a) saturated radiation pulse after
the undulator before reflection and (b) the out coupled radiation of
the 250 pC electron bunch. The majority of the transmitted energy
lies in the tails of the incoming radiation outside the reflection
bandwidth.

INFLUENCE OF HEAT LOAD

As can be seen from the results presented in Fig. 1 the
pulse energy in a saturated XFELO can reach up to several
millijoule. Even when taking into account a more conserva-
tive estimate of some hundreds of microjoule it is evident
that at a rate of at some MHz this will lead to a considerable

heat load on the crystal as was already shown by Zemella .

et al.[10]. Approximating the resonant wavelength 1. with
Bragg’s law A.&ay,,(T) being proportional to the lattice
parameter a,,,(T') one sees that it is very sensitive to the ther-
mal expansion and therefore to the heat load. It has already
been discussed[10] and shown[11] that cooling the crystal to
50K or 100 K can ease this effect due to the reduced thermal
expansion and the much increased thermal conductivity and
would be of utter importance for XFELO operation.

As was discussed by Maag et al. in 2017[11] the very high
phonon mean free path /g, in diamond reaching up to the
mm-range at low 7 introduces effects which are not incor-
porated in the diffusive Fourier’s law and effectively lower
the scalar thermal conductivity x -, especially when one
conservatively assumes purely diffusive scattering at the
boundaries. In this work this is incorporated assuming ra-
dial symmetry and purely diffusive scattering by using a
effective anisotropic thermal conductivity [12—14]

[1+4/3- 9(T) 1] )

[1+ 3/8-lb“‘k(T)/tc]_l
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_5 Figure 3: Simulation results of the 500 pC electron bunch with parameters denoted in table 1 but including the influence of the heat

b

S load on the crystal temperature. (a) shows the energy vs the number of circumferences clearly exhibiting strong oscillatory features. (b)

E shows the crystal surface temperature at the center of the incoming beam at the arrival of the next pulse important for the reflection while
g (c) shows the actual temperature progression also in between the pulses exemplary for the last few passes. Figure (d) shows the spectrum
‘E of the radiation after the undulator at the exemplary circumference #28 where the energy peaks and the strongly shifted reflection curves.

ain!

£ with the first dimension being the cross plane and the second
Z dimension the in plane (radial) thermal conductivity.

E Figure 3 shows the results for the parameters of the 500 pC
§ electron beam from table 1 but this time including the in-
Z fluence of heat load which was simulated using the FEM-
% software COMSOL Multiphysics®. Despite starting from
g T.,ys = SOK Fig. 3(a) shows a strong effect on the energy
£ curve. While showing peak energies comparable to or, for
§ the transmitted beam with Efroﬂ?nﬂc = 3.1 mlJ, even slightly
5 higher than the case without heat load, the energy drops
Z significantly after the peak and show a oscillatory behavior.
_- These particular features can be explained by looking at the
g temperature T at the photon pulse arrival time displayed
N in 3(b) and the exemplary spectrum shown in 3(d) for the
e 28" circumference. The first thing to note is that the energy
% does not mainly drop due to the overall shift of the reflection
= curves with respect to the base resonant wavelength A, but
< due to the larger shift of the thin out-coupling diamond with
E respect to the thick diamond’s reflection curve. This leads to
U a combined reflectivity of only few %. As can be seen from
o the temperature curves the thin diamond heats significantly
% more than the thick diamond which is not only due to the
« effective thermal conductivity reduction discussed above but
§ also due to the smaller volume where the heat can diffuse
2 to. This is also evident from looking at Fig. 3(c) exhibiting
g much slower thermal diffusion in the thin diamond after cir-
g cumference #27 even though starting at nearly the same peak
g temperature. This points out that the entire crystal volume
3 close to the interaction area with the X-ray pulse is at an
é elevated temperature reducing the temperature gradient VT
£ and therefore thermal diffusion.

% The reason for the flatness of the peaks is mainly due the
2 high gain of ¥ = 9 compensating reflection losses caused
'é by the resonant wavelength shifts. That allows the heat to
£ build up over - in this case - around three round trips until it
<= leads to the situation depicted in Fig. 3(d) having reflection
5 losses which cannot be compensated by the gain anymore.
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Then it takes another some five round trips with low incom-
ing radiation energy for the heat to dissipate in the crystal
and the two reflection curves reach enough overlap to allow
effective pass-to-pass gain greater than zero.

DISCUSSION AND OUTLOOK

Based on the results shown in XFELO WITHOUT
HEAT LOAD which were obtained by using realistic elec-
tron beams optimized for standard SASE operation with
strong chirp and critical error sources such as angular beam
jitter and mirror tilt the realization of an XFELO seems very
feasible at the European XFEL. Even assuming higher cavity
losses one would still reach an out-coupled beam with a bril-
liance higher than any available SASE source while showing
a very good shot to shot stability. Unfortunately this view
changes when taking into account the effect of heat load
on the crystal temperature as shown in the previous section.
This still allows high peak brilliance but the out-coupled
beam would show severe shot to shot jitter. Nonetheless
there are some possibilities to handle the effect. The simplest
would be to lower the single pass gain leading to reduced
saturation energies and bringing the XFELO more closely to
the operation of a conventional FELO. Another possibility
is to use a thicker out-coupling mirror reducing the strong
shift of the reflection curves with respect to each other. This
would be possible due to the short electron bunches produc-
ing spectra wider than the diamond reflection width. This
comes with the cost of an out-coupled radiation more subject
to shot to shot jitter in the electron parameters but which
is mostly compensated by the strong single mode coherent
seeding.

Finally, tests at the European XFEL are considered.
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