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Abstract

We discuss a proposal to test the operation of an X-ray
cavity consisting of Bragg reflectors. The test will consti-
tute a major step demonstrating the feasibility of either an
X-ray regenerative amplifier FEL or an X-ray FEL Oscil-
lator. These cavity-based X-ray FELs will provide the full
temporal coherence lacking in the SASE FELs. An X-ray
cavity of rectangular path will be constructed around the
first seven LCLS-II undulator units. The Cu-linac will pro-
duce a pair of electron bunches separated by the cavity-
round-trip distance during each linac cycle. The X-ray
pulse produced by the first bunch is deflected into the cav-
ity and returns to the undulator where it is amplified due to
the presence of the second bunch. The key challenges are:
the precision of the cavity mechanical construction, the
quality of the diamond crystals, and the electron beam sta-
bility. When the LCLS-II super-conducting linac becomes
available, the cavity can then be used for high-repetition
rate studies of the X-ray RAFEL and XFELO concepts.

INTRODUCTION

X-ray free electron lasers (XFELs) such as the LCLS
[1], based on Self-Amplified Spontaneous Emission
(SASE) [2], are capable of producing extremely bright,
transversely coherent, ultra-short X-ray pulses suitable for
the investigation of ultra-fast chemical and physical pro-
cesses [3-5]. A characteristic feature of single-pass SASE
FEL amplifiers, however, is poor longitudinal coherence.

Temporally-coherent FEL pulses can be obtained by
storing and recirculating the output of an amplifier in an X-
ray cavity so that the X-ray pulse can interact with the fol-
lowing fresh electron bunches over many passes. The X-
ray cavity is formed by a set of narrow bandwidth diamond
Bragg crystals, which provide high reflectivity and mono-
chromatization. This is the concept behind the cavity-based
X-ray FELs (CBXFELs) such as the X-ray free-electron
laser oscillator (XFELO) [6] and the X-ray regenerative
amplifier free-electron laser (XRAFEL) [7]. The supercon-
ducting technology adopted by LCLS-II and LCLS-II-HE
[8], will be capable of producing a constant stream of elec-
tron bunches (rather than pulsed/burst mode) with repeti-
tion rates up to 1 MHz, making the prospect of the
CBXFEL realistic. The XFELO relies on a low-loss cavity
supporting a low-gain FEL, While RAFEL leverages a
high-gain FEL interaction.
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The defining properties of the XFELO are the extremely
narrow and stable spectral bandwidths that can be as small
as a few meV [9]. These characteristics conspire to push
the average brightness of an XFELO source ~ 4 orders of
magnitude higher than that of SASE at LCLS-II/-HE, as
shown in Fig. 1[10]. Indeed, the ultrafine spectral capabil-
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Figure 1: Brightness of various X-ray sources.

ities along with the high spectral photon density enabled
by the XFELO would be complementary to the ultrafast
temporal capabilities and high temporal photon density of
the hard-X-ray SASE FELs. The scientific case for an
XFELO is discussed in Ref. [11].

The XRAFEL concept, on the other hand, excels at
bridging the gap between the performance characteristics

of an HXR SASE FEL and an XFELO while directly ad- .

dressing the science case that is targeted by the LCLS-II
and LCLS-II-HE upgrades. The RAFEL system aims at
the production of fully-longitudinally-coherent but shorter
FEL pulses, and as such, has the unique ability to produce
FEL X-ray pulses with both high average brightness and
high peak brightness. The spectral output of a RAFEL is
compared to SASE in Fig. 2.
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TEST SET-UP
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Figure 3: Set up for the X-ray cavity test.
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R&D on some aspects of XFELO and RAFEL has been
2 on-going at ANL [12-13] and SLAC [14]. This proposal is
§ to test the key aspect of a cavity-based XFEL—the opera-
g tion of an X-ray cavity that can store an X-ray pulse pro-
£ duced by an electron bunch and that the pulse can be am-
& plified by another electron bunch a rectangular X-ray cav-
< ity will be constructed around the first seven sections of the
§ LSLS-II hard X-ray undulator, formed by four diamond
‘g crystals. The schematics of the test cavity is shown in
< Fig. 3. Note that the scales in the x- and z-directions are
£ quite different. Various parameters for the test experiment,
—g electron beam parameters such as the bunch charge Q,
= FWHM length 1, FWHM energy spread AE, RMS beam
'é size a,., and RMS beam angular divergence a,, , as well as
%5 those for the undulator and cavity are shown in Table 1.
& Electron bunches possessing these parameters are used in
2 regular LCLS operation and are well characterized.

1

E Tablel: Major Parameters

=}

< _E- bunch (XFEO, RAFEL)

> E. [GeV] 10.3

& Q[pC] 100,150

Q T[fs] 300, 50

§ oy[um] 22,24

8 oyfur] 1.1,1.2

S AE [MeV] 0.5,1.5

; Bunch spacing [m] 66

& _Undulator

© Ay[cm] 2.8

S N, 130x7

s K 244

g€ L,[m] 4x7=28

Q .

+ _Cavity

S Crystal C*(400)

<2 Braggangle 6 45°

5 hwlkeV] 9.83

ERT 126

Z AlA] ~

8 Ahw[meV] 75

é‘ AG[ur] 8

2 L, G [m] 32,1

]

3

g The rectangular cavity configuration is chosen, rather
¢ than the tuneable, zig-zag path [ 15-16] due to the limitation
E in the available transverse space. Diamond crystals of

£ (100) surface will be used, for which high quality samples
o}

© TUPRB096

@ 1888

IPAC2019, Melbourne, Australia

JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUPRBO96

have been available from multiple vendors. The photon en-
ergy /wavelength are determined from the Bragg angle 45°.
The reflection bandwidth in energy is 75 meV and 8 ur in
angle. K=2.44 is the maximum deflection parameter [17]
and the corresponding electron energy is £.= 10.34 GeV.
If desired, a smaller value of K and a corresponding E. may
be employed. The SLAC Cu-linac produces a pair of
bunches spaced by 66 m, the roundtrip distance of the X-
ray cavity. A small portion of the circulating photons are
peeled off for diagnostics, either through a thin crystal C;
[18] or by a diamond grating [19-20].

PHOTON MEASUREMENTS
Low Gain for XFELO
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Figure 4: Gain in the XFELO mode.

The number of photons produced by the first bunch,
monochromatized and deflected into the cavity, is
AN, =5.8x 10*. The maximum intensity gain computed by
GINGER [21] is about 5, as shown in Fig. 4. The gain,
however, occurs only to the cylindrically symmetric com-
ponent of the radiation. For undulator radiation, the sym-
metric part is about 1/6 of the total intensity [22]. There-
fore, the effective gain of the spectral intensity will be
about a factor of two, which should be readily measurable.

High Gain for XRAFEL

Time-independent simulations using the FEL code Gen-
esis [23] suggest that the single-pass FEL gain within the
cavity is > 150 (see Fig. 5). The radiation generated
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Figure 5: Two pass growth in RAFEL mode.
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in the first pass (blue curve in Fig. 5) is propagated through
the optical cavity shown in Fig. 3 using custom built Fou-
rier optics routines. Here, the cavity is assumed to be per-
fectly aligned and has an overall throughput efficiency of
85%. Time-dependent simulations including a cavity sta-
bility analysis in the presence of diamond angular errors
are currently underway.

TOLERANCES

The tolerance specification is complicated, needing to
take into account the pulse shape, time-scale, number of
ensembles, etc. Here we will give simplistic estimates for
the two most critical tolerances—on the angular placement
of the Bragg crystals and the cavity roundtrip time.

Crystal Angle

We assume that the two CRL lenses are identical and
that the Rayleigh length is 20 m, the same as the electron
beam beta function, we find /' =20.4 m for the one turn
transfer matrix to be stable. We will specify the tolerances
for the crystal mirrors such that the trajectory deviation of
the X-rays after one turn is smaller than one third of the
RMS beam size. Then we find that the angular tolerances
to be less than 80 nr. In this exercise, the angular error in
each mirror is random and independent. This may be an
optimistic assumption since there are only four crystals in-
volved. We therefore set the angular tolerance twice
tighter, to 40 nr.

The tolerances are relaxed for RAFEL due to the opti-
cal guiding in a high-gain amplification. Simulation results
indicate that the tolerances can be relaxed by a factor of
three.

Roundtrip Time

The jitter in the roundtrip time of the cavity should be
less than one tenth of the bunch length for XFELO. For
XRAFEL the time tolerance may be relaxed by a factor of
two. Thus, we specify the tolerance in time jitter for the
case of XFELO at 30 fs, while it is 10 fs for XFELO.

MECHANICAL DESIGN OF THE X-RAY
CAVITY

The diamond crystals will be operated with holders at
stabilized temperature so that the instantaneous heat load
due to the x-ray pulses does not degrade and shift the re-
flectivity profile. The crystal cooling system should be
low-vibration and additionally, will require two-axis tip-
tilting nanopositioning stages with nanoradian-scale posi-
tioning resolution and stability. A planar-shape, high-stift-
ness, high-precision weak-link structure developed at APS
[24] has typical angular positioning resolution and stability
of 5-50 nrad with a travel range of up to 1.2-degrees, and
can be made ultra-high-vacuum (UHV)-compatible. Fig-
ure 6 shows a 3D model of the pitch and roll tip-tilting na-
nopositioning stages that will be applied for the x-ray cav-
ity diamond crystal alignment. The diamond crystal holder
and two miniature linear stages will be mounted on the top
of the tip-tilting stages, which are not shown in the figure.
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Figure 6: A 3D model of the Pitch and Roll nano-position-
ing stages for diamond crystal alignment.

ALIGNMENT STRATEGY

To help in alignment, eight X-ray beam position moni-
tors (X-BPMs), two each near the two ends of the four
straight paths, will be installed, as indicated in Fig.3.
Aligning the X-ray cavity to the desired precision is a com-
plex task, and can be accomplished by reducing the degree
of freedom (DOF) step-by-step, beginning with an infinite-
number-of-DOF problem to that of a-one-DOF problem.
The steps are as follows:

e oo to 3D: Four crystal mirrors, two CRLs, and eight X-
BPMs are put into nominal positions to a 20-30 um
accuracy using the laser interferometer system Etalon
AMT.

e 3D to2 D: The X-ray paths are forced into the nominal
cavity plane by properly aligning roll/tilt angles of the
diamond crystals.

e 2D to 1D: All multiply-reflected beams are forced to
overlap by properly aligning crystal positions and
pitch/Bragg angles.

e 1D: Adjust the round-trip cavity length by translating
Cl1, C2, and CRLI1 simultaneously along z (Fig. 3).

DISCUSSION

If the proposed experiment concludes successfully and
the superconducting LCLS-II linac is in operation, the rec-
tangular diamond cavity can be upgraded to a larger, non-
coplanar but tuneable cavity [25] to develop full RA-
FEL/XFELO operation modes for LCLS-II. Another pro-
posal to use the double bunch from the Cu-linac and a four-
crystal monochromator for self-seeding to achieve high
power X-ray pulses is described in Ref. [26] of this confer-
ence.
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