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Abstract. X-ray beams carrying orbital angular momentum (OAM) are an emerging tool for probing matter.
Optical elements, such as spiral phase plates and zone plates, have been widely used to generate OAM light.
However, due to the high impinging intensities, these optics are challenging to use at X-ray free-electron lasers
(XFELSs). Here, we propose a self-seeded free-electron laser (FEL) method to produce intense X-ray vortices.
Unlike passive filtering after amplification, an optical element will be used to introduce the helical phase to the
radiation pulse in the linear regime, significantly reducing thermal load on the optical element. The generated
OAM pulse is then used as a seed and significantly amplified. Theoretical analysis and numerical simulations
demonstrate that the power of the OAM seed pulse can be amplified by more than two orders of magnitude,
reaching peak powers of several tens of gigawatts. The proposed method paves the way for high-power and

high-repetition-rate OAM pulses of XFEL light.
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1 Introduction

Structured light could provide new perspectives on numerous
physical phenomena. In particular, optical vortices carrying
orbital angular momentum (OAM),' characterized by a helical
phase-front exp(il¢), where ¢ is the azimuthal coordinate and [
is the topological charge, are intensively studied. OAM light at
visible and infrared wavelengths has been used in a wide range
of fields.”” In the short wavelength range, optical vortices are
promising means to trigger new phenomena through light—
matter interaction.*° X-ray beams carrying OAM have been
proposed for research in quadrupolar X-ray dichroism experi-
ments,"' photoionization experiments,'” resonant inelastic X-ray
scattering,” and magnetic helicoidal dichroism.'"*" Most re-
cently, a new type of phase dichroism has been demonstrated
to probe the real-space configuration of the antiferromagnetic
ground state with X-ray beams carrying OAM.' Moreover,
the hard X-ray helical dichroism of disordered molecular media
has been demonstrated.'” At present, X-ray OAM light is pro-
vided by synchrotron radiation facilities. The generation of
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high-intensity X-ray OAM beams by X-ray free-electron lasers
(XFELSs) could open new possibilities for studies requiring well-
defined spatial intensity and phase variations.

Modern XFELs deliver high-brightness pulses with durations
spanning from tens of femtoseconds down to the attosecond
range, enabling new research in a variety of scientific fields.'*"
The majority of XFEL facilities worldwide®*** employ the
mechanism of self-amplified spontaneous emission (SASE).”
The SASE process starts from the initial electron-beam shot
noise and allows operation over a wide spectral range, reaching
sub-angstrom wavelengths. Self-seeding schemes®* are used at
several facilities to enhance the temporal coherence of free-elec-
tron laser (FEL) pulses while increasing their spectral density.
However, the transverse radiation profile of FELs operating at
saturation is restricted to the fundamental FEL mode, which can
usually be approximated by a Gaussian mode with no azimuthal
phase dependence.

The generation of OAM light at XFELs can be realized by
using helical undulators or forming electron bunches with hel-
ical shapes. In the first case, the harmonic radiation in helical
undulators has long been theoretically shown to carry a helical
phase,®™ but which was experimentally demonstrated only
recently.”’ ™ However, the intensity of the harmonic emission
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is much weaker than that of the fundamental.” In order to deal
with this issue, harmonic interaction between a seed laser and an
electron beam in a helical undulator’*** was further proposed to
generate OAM radiation at the fundamental wavelength. In ad-
dition, schemes to generate OAM radiation by using an external
seed laser with a proper transverse phase structure to form the
electron bunches into a helical pattern’®*’ have been proposed.
However, these methods are limited by the availability of exter-
nal seed lasers, or by the harmonic conversion number, espe-
cially at the shortest wavelengths. Also, a transverse-mode
selection method using Bragg reflectors and longitudinal trans-
verse-mode coupling™ has been proposed, but it requires an
XFEL oscillator configuration.

A more straightforward approach to generate X-ray OAM
light is to employ optical elements, such as spiral phase plates
(SPPs),”* spiral Fresnel zone plates (SZPs),"** and other
diffractive optics® behind an undulator. In recent years, these
optical elements have been well developed and have been ex-
perimentally demonstrated to produce soft and hard X-ray OAM
light at synchrotron light sources. The design of an SPP typi-
cally features a rotating step with increasing thickness in the
azimuthal direction. As the light beam passes through the
SPP, it collects an azimuthally varying phase, transforming it
into a beam with a helical phase.* Recently, SPPs made from
fused silica® have been successfully used to shape synchrotron
radiation at photon energies of 8.2 keV, and are considered for
potential use at XFELs. In addition, the SZP is a unique class of
diffractive optics that not only imparts a spiral phase to the in-
coming beam but also exhibits focusing properties. SZPs with
silicon membranes have been successfully used at an FEL in the
extreme-ultraviolet wavelength range with an efficiency of 17%
and a pulse energy of around 10 xJ.** However, for obtaining
X-ray OAM radiation with high pulse energies, the efficiency
and thermal loading of these optics can constitute a significant
challenge, especially considering the development of high-
repetition-rate XFELs based on superconducting accelerators.

In this work, we propose a new scheme to generate intense
X-ray vortices that is free from the previous issues. The method
is based on the widely used SASE mode of operation and does
not require helical undulators or external seed laser systems;
thus it can in principle be applied to all existing XFEL user fa-
cilities with minimal hardware additions, especially when in
synergy with self-seeding setups.
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2 Principles and Methods

The schematic layout of the proposed method, referred to as
self-seeded FEL with OAM (SSOAM), is shown in Fig. 1.
Several undulator segments are employed as the first stage to
generate an SASE FEL pulse in the linear regime. Then, an
optical element, such as an SPP or SZP, is used to imprint
the helical phase of a low-order OAM mode onto the FEL beam,
generating an OAM seed pulse. Finally, the OAM seed pulse is
significantly amplified in the second-stage undulator. A small
magnetic chicane located between the first stage and the second
stage is needed to detour the electron bunch, removing the mi-
crobunching introduced in the first stage, and resulting in a
small delay below ten femtoseconds between the OAM seed
and the electron bunch. Therefore, a relatively long electron
bunch is requested in this scheme to ensure the amplification
of the OAM seed in the second stage. In addition, fresh
slice® or twin bunch operation* can also be employed to obtain
better performance. The drift section between the first stage and
the optical element can be increased to make the transverse size
of the FEL pulses hitting the optics larger, which further reduces
the impinging intensity and therefore minimizes heat-loading
effects. In this case, utilizing an SZP or additional focusing op-
tics may be necessary before entering the second stage.
Previous theoretical analyses indicated that an OAM seed can
be amplified by the FEL process.”** In the SSOAM scheme,
however, the SASE pulse filtered by the optical element is not
a pure OAM pulse. We can theoretically analyze how FEL modes
evolve in this scheme. First, we expand the slowly varying
envelope of the electric field in the frequency domain into a
Fourier series in the azimuthal angle ¢ according to Ref. 49,

Eerd)= >0 E(zr)exp(—ing).

n=—0oo

(1

Where z and r are the longitudinal and transverse coordinates
with respect to the undulator axis. —n indicates the topological
charge. Each of the azimuthal harmonics is then decomposed into
“self-reproducing” modes,

E0(z.7) =Y a0, (7) exp(2"2). ©)
J
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Fig. 1 Schematic layout of the self-seeded FEL with OAM.
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with 7 = r/ry and Z = I'z. 7 and Z are normalized versions of r
and z according to the definition in Ref. 49, where I is the gain

parameter. Aﬁ-") and @, ;(7) are eigenvalues and eigenfunctions of
the guiding modes, respectively. Assuming no changes in the
transverse profile and typical dimension rg of the electron beam,
and the same gain parameter during the entire process, the nor-
malization parameters will remain constant during all the steps,
and the FEL eigenmodes obey the eigenvalue equation *

[+ g7 A7) ,(7) + 2iBA" () = 0, (3)
where we recognize that
”# 10 n?

A sEl—+-=—= 4

" [6?2+?8? ?2]’ @

is the Bessel differential operator. Here, ¢ is a function of 7 and

A" defined in Ref. 49 and B = rZlw/c.

Instead, during free-space propagation, the azimuthal har-
monics of the electric field do not evolve in self-reproducing
modes. Since

|:V2 L@ 2iw 8:|E 07 (5)
¢ 0z

after expansion in azimuthal harmonics, we have
A +2'B8 ®,,(72)=0 (6)
iB— (7,2)=0.
" oz ¢

In the first stage, we have a first azimuthal series of

FEL modes <Dfllj> satisfying Eq. (3). The modes evolve in
free space before filtering. For simplicity, here we assume that
filtering happens directly at the exit of the first undulator. The
filtering amounts to a change in the phase. A phase of exp(il¢)
is introduced to the radiation field, which is a reasonable
assumption when using a finely stepped phase plate. We
can therefore write the filtered self-reproducing modes as

o) () = ).

n—l,j nj
The modes <1>fll_bl). ; heed now to be propagated in free space

for a distance 62. We call with (I)(lIC? ;(2, 7) the free-space propa-

)

gated version of d) , which obeys

n—L,j

{A,, | +2iB aa ]cp“‘) (7,2) =0. (7)

Solving this equation for a propagation distance 67, we
obtain

(Ic) Yy /
@, ” 27z6Z d d5¢
exp {25Z [#? — 27 cos(6¢') + ?”2]}
x @) (#) exp[—i(n — 1)5¢]. ®)
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Performing first the integral over the phase, we find
°nfl+lB IB?Z o0
@ Ic) (7.83) = l / di'#
n—1,j (7‘ Z) 52 CXp 252 0 r

iBY*\ 1), 7B
exp( 262 )q)n] (r/)‘,nfl <_ 52 ) (9)

To summarize, the field at the entrance of the second stage
amounts to

E(#,¢) = Z Zag»") exp(/lﬁ")ilyby_c;j(?) exp[—i(n —1)¢),
(10)

where Z; indicates the normalized position in the first stage. One
may approximate j = 1 as fixed because we assume good mode
selection in the first stage. Then, the contribution to the field at
the entrance of the second stage can be approximated to

E(h¢) = Y a)" exp(2)"2)® ), (?) exp[=i(n — )]
= i AWDY) (#) expl—i(n — I)]. (11)

All the contributions for all values of n will enter the second
stage with a topological charge h = —(n — I).
Now, the FEL eigenmodes in the second stage obey

m

(A, + g7 A0 (7) + 2iBA" " @) (7) = 0, (12)

and we can decompose
q)}(’llcgl 7.6 Zakq)n Lk (13)

Since the orbital momentum should be conserved, each of the

components cbfff’}qk carries a fraction of the total OAM with

topological charge —(n — [). Each mode will be amplified at
different rates for different values of k. Assuming good mode
selection, the mode for k = 1 will be dominant for the topologi-
cal charge —(n — I). However, all the FEL modes with fixed
—(n — 1) and different k will contribute to an OAM field distri-
bution with the same topological charge given as

EMD(3,¢) = Zakcb,, L& expl—i(n — )]

exp(A/"2,), (14)

where Z, indicates the normalized position in the second stage.
In this sense, these modes will not be in competition. The com-
petition will come from modes with different topological
charges.

The contribution for n = 0 corresponds to the fundamental
FEL mode and will be dominant in the first stage. As a result,
the seed pulse in the second stage is mainly composed of the
h = [ mode. In particular, the component of the 2z = 0 mode
of the seed pulse is transformed from the —/ mode in the first
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stage. Therefore, it is important for the proposed method to
properly optimize the undulator settings of both stages to ensure
a good amplification of the 2 = [ mode at the second stage.

3 Results

To further illustrate the proposed scheme, a detailed example
based on the parameters of European XFEL” is studied with
GENESIS™ simulations. A 14 GeV electron beam with a nor-
malized emittance of 0.5 mm.mrad, a bunch length of 20 fs, and
a current flattop profile of 5000 A is assumed here to produce
nine keV FEL pulses. The electron beam is sent to the first stage
and generates SASE pulses with energies of a few microjoules
or less. Then, an SPP is used to impart a helical phase of
exp(i¢), corresponding to [ = 1, on the SASE pulse. We as-
sume the intensity of the pulse is unchanged by the SPP. The
distance between the SPP and both undulator sections is set
to 2 m. For simplicity, the SASE pulse interacts with a fresh
electron beam with an unchanged bunch length in the second
stage.

As indicated by the theoretical analysis, the 7 = 0 mode of
the SASE pulse is transformed to the # = 1 OAM mode while
the the 7 = —1 mode is transformed to the 7 = 0 mode after the
filtering. Therefore, the resonance and taper of the first stage
undulator need to be optimized to achieve the largest possible
ratio of the 4 = 0 mode while keeping the pulse energy small.
Meanwhile, the undulator of the second stage needs to be opti-
mized to achieve the strongest possible amplification of the
h =1 mode.

In the simulation, nine undulator segments with a length of
5 m and a 40 mm period are employed as the first stage. The
optimization of the first-stage undulator suggests a slight reverse
taper with AK /K = —0.18%. In this case, an SASE pulse with a

=3.0 —-15 0.0 1.5 3.0

0.03%

S (um)

-1.5 00 15 3.0

pulse energy of 9.58 uJ is obtained at the end of the first stage.
The mode decomposition of the pulse shows that the relative
weight of the h =0, h =—1, and h =1 modes are 91%,
3%, and 3%, respectively. The temporal power profile and trans-
verse profile of the pulse are shown in Figs. 2(a) and 2(b), re-
spectively. The FEL pulse is then propagated sequentially
through the free-space section, the SPP, and the second free-
space section, before being amplified as a seed in the second
stage. As shown in Figs. 2(c) and 2(d), the seed pulse mainly
consists of the 4 = 1 mode, with a ratio of 91%. The ratio of the
h = 0 mode of the seed pulse is 3%.

The OAM seed pulse is amplified in the second stage, which
consists of seven undulator segments. To ensure optimal gain for
the 7 = 1 mode, the undulator taper is optimized to a strength of
AK/K = —0.06%. The gain curves of pulse and different OAM
modes are shown in Fig. 3. The pulse energy reaches 430.17 uJ
at the end of the undulator. The modes 2 = 0 and & = 2, which
transform from 7 = —1 and & = 1 in the first stage, respectively,
have similar initial components in the second stage but grow at
very different rates. At the exit of the second stage, the & = 1
mode is amplified 43.5-fold and approaches saturation. The ra-
tio of the 2 = 1 mode is first increased to 95% and then slowly
decreased to 88%. The ratio of the 7 = 0 mode reaches 9% at
the end of the second stage. Figures 4(a) and 4(b) show the
transverse profiles of the pulse at the exit of the fifth undulator
cell, where the pulse energy is 184.44 puJ and the ratio of the h =
1 mode is 93%, and the end of the seventh cell, respectively.
Figure 4(c) presents the transverse phase distribution at the po-
sition in the pulse with a peak power of 92 GW, located at
1.58 um in Fig. 4(d).

Figure 5(a) presents the variation of the different OAM
modes contained in the FEL pulse at the exit of the fifth
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Fig. 2 Temporal power of the FEL pulse at (a) the end of the first stage and (c) the entrance of the
second stage decomposed into OAM modes. The corresponding transverse profiles of the pulse
at these two positions are shown in (b) and (d), respectively.
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Pulse energy (u))

Fig. 3 Gain curves of different OAM modes along the second
stage.
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undulator cell of the second stage as the total phase shift, i.e.
2zl, imprinted by the SPP changes. The results show that the
proposed scheme can tolerate relatively large phase shift varia-
tions due to imperfections in optical element fabrication or
changes in photon energy. With the introduction of phase shifts
from 1.7z to 2.4z, corresponding to / = 0.85 to [ = 1.2, pulses
with 7 =1 mode ratio exceeding 80% can be obtained.
Moreover, the results also indicate that the proposed method
can be used to effectively amplify the # = 2 mode. FEL pulses
with 84% of h = 2 mode and pulse energy of 52 uJ can be ob-
tained when the introduced phase shift is 47. High-order OAM
modes with topological charge larger than 2 cannot be well am-
plified due to stronger diffraction.***’

To simulate the effects of a weaker seed power, we assume
that the use of an optical element still introduces exp(i¢h) into
the SASE pulse but with an efficiency of only 10%, while
the undulator settings remain unchanged. In comparison to
Fig. 2(c), the pulse energy of this seed pulse is reduced to
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Fig. 4 Transverse profile of the FEL pulse at the end of (a) the fifth cell and (b) the second stage.
(c) Transverse phase distribution at the position of maximum power in the pulse. (d) Temporal
power profile of the pulse at the end of the second stage.
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Fig. 5 (a) Variation of the different OAM modes with the change of the imprinted total phase shift.
(b) Gain curves of different OAM modes at the second stage starting from a weaker seed pulse.
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0.96 uJ. As shown in Fig. 5(b), the & = 1 mode can be ampli- I
fied 107-fold in the second stage even if it starts with a much
weaker seed pulse. At the exit of the seventh undulator cell, the

pulse energy reaches 107.16 uJ, where the ratios of the 7 =1 12.
and & = 0 modes are 87% and 9%, respectively. The FEL pulse 13
can be further amplified to 307.94 uJ when nine undulator cells '
are employed. In this case, the ratios of the h=1and 7 =0
modes are 78% and 17%, respectively. 14.
4 Conclusion

We proposed a scheme to produce high-intensity short- 15
wavelength vortices. Theoretical analysis and simulations dem-
onstrate that the introduction of an OAM mode to an FEL beam 16.
using an optical element leads to changes in multiple transverse

modes of the FEL beam, where the dominant OAM mode can be
amplified by more than two orders of magnitude. Since the 17.
SSOAM scheme is based on the SASE operation, it can be
enabled in a wide range of wavelengths, including extreme 18.
ultraviolet, soft, and hard X-rays. In combination with the self-
seeding scheme, introducing OAM to a weak and monochro- 19.
matic seed pulse and further amplifying it, narrow bandwidth 20
X-ray vortices can be generated. The proposed method paves ’
the way for the realization of high-power and high-repetition-

rate X-ray vortices and promises to open up new ways for prob- 21.
ing matter with such light, such as time-resolved twisted X-ray
diffraction techniques.” 22.
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