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Abstract

To generate optical vortex with multiple topological charges, a simple scheme based on the phase mask shaping technique
is proposed and applied in a seeded free electron laser. With a tailored phase mask, an extreme-ultraviolet (EUV) vortex
with multiple topological charges can be produced. To prove the feasibility of this method, an eight-step phase mask is
designed to shape the seed laser. The simulation results demonstrate that 100-MW, fully coherent EUV vortex pulses
with topological charge 2 can be generated based on the proposed technique. We have also demonstrated the possibility

of generating higher topological charges by using a phase mask with more steps.
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1. Introduction

Starting from the work of Allen et all'l, the optical
vortices which carry orbital angular momentum (OAM),
or light beams with spatial phase dependence of exp(if¢),
where ¢ denotes the azimuthal coordinate and / denotes
an integer referring to the topological charge, have
become the subject of intense interest for numerous
applications, including micromanipulation®!, detection of
spinning objectsl’, microscopy!, imagingl!, optical pump
schemes!®, and communication!”). In the extreme-ultraviolet
(EUV) wavelength range, the interaction of the vortex
light with matter can produce special physical phenomena.
Among these are the formation of Skyrmionic defects!®,
the formation of charge current loops in fullerenes with an
associated orbital magnetic moment!° and the violation of
dipolar selection principles during photoionization!'’!. In the
visible and infrared-wavelength regimes, the optical vortex
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could be generated by a spiral phase plate!'!!, the cylindrical
mode converter!'”), computer-generated holograms!'*!, and
so on. At shorter wavelengths, such as in the EUV and X-ray
regime, these techniques are no longer applicable because of
the strong radiation damage of optical elements.

To generate short-wavelength vortex beams, some schemes
based on free electron lasers (FELs) have been proposed.
As exceptionally bright, coherent photon sources for
short-wavelength radiation, FELs!'*! provide scientists
with formidable instruments for exploring the structural
characteristics of materials at the atomic scale. However,
the transverse profiles of radiation from the undulator
are limited to a fundamental Gaussian-like mode with
no azimuthal phase variation. For the creation of vortex
beams, one method based on helical undulator harmonic
radiation was proposed!'”]. The method is based on self-
amplified spontaneous emission (SASE)'® principle,
which suffers from the limited temporal coherence as
the amplification starts from random noise in the e-beam
longitudinal distribution. To achieve fully temporally coher-
ent radiation''”!, seeded FELs schemes relying on e-beam
phase space manipulation on the optical wavelength scale,
such as high-gain harmonic generation (HGHG)!'"®! and
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echo-enabled harmonic generation (EEHG)!'”!, have been
proposed and experimentally demonstrated”*-*!1. To produce
coherent optical vortex, these seeded FEL schemes have
been modified. For the HGHG scheme, a Gaussian seed
laser is superimposed on the electron beam in a helical
undulator””!, The helically bunched beam can produce
optical vortex at the fundamental frequency of the seed
in the radiator. This method can be used as a mode converter
which requires a coherent EUV or X-ray input signal. Ribic¢
and his coworkers modified the HGHG scheme, which used
a four staircase-like-phase mask to modify the seed laser”*.
However, the method can only generate FEL vortex light
with topological charge 1. For some special pump-probe
experiments'®, vortex beams with multiple topological
charges are needed. For the EEHG scheme, Hemsing and
his collaborators proposed the echo-enabled X-ray vortex-
generation scheme where at least one vortex seed laser is
used to produce corkscrew microbunching!*!l. However,
this scheme is more complex and has not been proved
experimentally.

To produce vortex beams with multiple topological
charges, we propose a simple method based on using the
phase mask shaping technique. The topological charge of
vortex light can be controlled by tailoring the structure of
the phase mask. In this paper, to prove the feasibility of this
method, an eight-step phase mask is designed to shape the
seed laser. The simulation result demonstrates that 100-MW,
fully coherent EUV vortex pulses with topological charge
2 can be generated based on this phase mask shaping
technique. We also show the possibility of generating vortex
light with higher topological charges by using a phase mask
with more steps. The vortex generation scheme based on
HGHG can be straightforwardly implemented at the existing
seeded FEL user facilities such as Shanghai Soft X-Ray Free
Electron Laser (SXFEL)*! and FERMI!! without the need
for significant machine upgrades.

The remainder of this paper is organized as follows. In
Section 2, the principle of the proposed scheme is illustrated.
In Section 3, the optical design of this scheme is shown.
In Section 4, the interaction between the electron beam and
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the optical field is investigated by theory and simulation. In
Section 5, we study the FEL performance in the radiator. In
Section 6, we present some results and considerations for
generating the vortex light with higher topological charges.
Finally, we give a discussion in Section 7.

2. Principle

The schematic layout of the proposed technique is shown
in Figure 1. This scheme is based on the HGHG setup.
First, the electron beam interacts with the seed laser in the
modulator. The seed properties such as the transverse phase
dependence are imprinted onto the electron beam. When
the electron beam passes through the chicane, the energy
modulation is converted into a coherent density modulation
rich in harmonic content. The second undulator is tuned to a
higher harmonic of the seed laser, causing the electron beam
to emit coherent radiation at a shorter wavelength.

The relative transverse phase changes of the seed laser
after passing through the phase mask as shown in Figure |
can be represented as a matrix:

3 T
o 20
Phasemask = |: 2 2o, ] (1
as 0 3 n %

Each number in this matrix represents the phase value at each
interval % radians azimuth position. In a short modulator,
the electron beam interacts with the seed laser which travels
through the phase mask. The transverse eight-step phase
structure is imprinted onto the electron beam. The electron
beam phase structure can also be represented as shown in
Equation (1).

After the electron beam passes through the dispersion
section, the above energy modulation is converted into
a coherent microbunching. The transverse phase of
microbunching can be represented as in the matrix in
Equation (1). According to the frequency up-conversion
theory of HGHG!'"®!, the transverse phase structure of the
electron microbunching at the radiator entrance can be
interpreted as the following matrix:

chicane

radiator

//////////////ﬁ/f//f///f////////
L e

Figure 1. Scheme to generate an optical vortex with multiple topological charges based on an HGHG setup.
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where n is the harmonic number. The final electron
microbunching structure will be different for different values
of n. For the case where n is an even number, the electron
microbunching structure can be represented as

00 0O
Phase,q = |:O 0 0 01| (n=4m), (3
and
7 0 @ O
Phase g = |:n 0 = O:| n=4m+2). 4)

It should be noted that after up-conversion, the phase jump
of each step in the microbunching is 0 or ¥ when n is an
even number. However, this phase structure is not suitable
for generating an optical vortex. When 7 is an odd number
n = 2m+ 1, the electron microbunching structure can be
represented as

37 T
Lo Z 0
Phase ,q = [ 2 4 i| (m : even), 5)
Ta 0 E T 7
and
T 3
Phase,a = [(2) T3 9] (m:odd). (6
2 T3

For the case of odd n, it can be shown that the final trans-
verse phase of e-beam increases in the opposite direction for
different values of m. According to the above theory, the
electron beam will emit light with an eight-step structure
in the radiator entrance at a high odd harmonic of the seed
laser. According to the analysis, the eight-step phase mask
can be created for seed laser shaping and, hence, for fine
transverse shaping of the electron beam in the modulator.
In general, the phase of the microbunching is constant in
the transverse plane. In this scheme, the transverse phase
of the microbunching is an eight-step structure which has
a helical bunching component at high harmonic frequency.

Therefore, the radiation emitted by the special electron beam
will develop into the optical vortex along the radiator.

3. The principle of phase mask shaping

The optical setup for the seed laser in the proposed scheme
is shown in Figure 2, where the seed laser is focused through
a lens immediately after passing through the phase mask and
finally injected into the undulator to interact with the electron
beam.

The transport processes of the seed laser can be studied
with the wave optics!’®l. The optical field after the phase
mask is E(x;,y;). The complex optical field after lens is
given by the following formula

1

N 5 ik
E,(xl,}ﬁ)=E(x1,)’1)eXP[—ZC(X%+Y%)] (7

Here f is the focal length of the lens and k denotes the
wave number of the laser. According to the Fresnel optical
propagation theory, the light field after a distance f is

E(xy = %exp [% (x2 +y2):|
ik

x]:{E’(xl,yl)exp [? (x%+y%)i“ (8)

Equation (8) could be mathematically simplified to

xpikf)

E(xy) = oY

p[;—k(x2+y2)}f{é(x1,yl>}. ©)
f

The above formula shows that the complex optical field
in the focal plane is the Fourier transform of the optical
field through phase mask and the complex optical field
can remain the eight-step structure in the focal plane. The
above equations are written into a program to model and
analyze the optical field propagation process. The complex
optical field in the focal plane is shown in Figure 3. The
transverse phase of the optical field presents a distinct eight-
step structure.

1l

10mm] .“t — et
\ i
e £ Modulator
20mm

\ /

Eight-step phase mask

Figure 2. Optical setup in this scheme.
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Figure 3. (a) Transverse intensity and (b) corresponding phase of seed laser in the focal plane.
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In the proposed scheme, the focal plane of the lens is set to
the middle of the modulator as shown in Figure 2. According
to the propagation theory of wave optics, the optical field
distribution after transverse shaping to a certain place is
related to the focal length of the previous lens. In addition,
the lens can suppress the divergence of the light field near
the focal plane. Here, a lens with long focal length exceeding
20 m and a short modulator with length of 50 cm are chosen
to maintain the eight-step structure of the laser beam in the
modulator.

4. Interaction between the electron beam and the optical
field

A three-dimensional algorithm!>’-?81, which is built based on
the fundamental basis of electrodynamics, is modified for
simulating the laser—beam interaction in the modulator. The
magnetic field distribution of the planar undulator in the y
direction can be written as

By = Bysin (ky2), (10)

where B is the undulator peak magnetic field, k, = 2w /A, is
the wave number of the undulator, and A, is the period length
of the undulator. The results in Section 3 demonstrate that the
transverse phase of the complex field near the focal plane can
be maintained in an eight-step structure. Thus, the electric
field of a seed laser near the focal plane can be represented
as

X2 2 (Z/_ZO)Z
T 202 252 2

Ex = E(] sin I:kg (Z/ — ZO) + ¢] \/6‘ Zoxz 20)2 207 ,

3
[(Frie]
0 5

where k; = 2 /A is the wave number of the seed laser, zg
is the initial relative position of the laser from the electron
beam, E is the peak electric field intensity of the seed laser,
and ¢ is the carrier envelope phase of the seed laser. For
the optical field with eight-step transverse distribution, the

an

and

EENIE

¢ (12)
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Table 1. Main parameters of the simulation.
Parameter Value
Beam energy 1.5 GeV
Peak current 1200 A
Emittance 1 mm - mrad
Energy spread (rms) 150 keV
Seed wavelength 266 nm
Seed power 2000 MW
Modulator length 0.5m
Radiator period 0.05 m
Radiation wavelength 38 nm

phase can be represented as the above matrix similar to the
transverse phase of the phase mask referred to Section 2. The
diffraction effects of the laser field can be expressed by

k2 Z— 2w 2
0x() = Jo2, + SEZB) (13)
402,
and
k2(z—z)’
7@ = [+ = o

where oy, and oy, denote the laser size at the longitudinal
waist position zy. In the undulator, the electron’s motion
satisfies the law of the electrodynamics,

dv —
ymvzeE —e

— g
V X B.

5)

The energy exchange between the electrons and the laser
field in the undulator can be represented as

dx
eE,.—.
dr

dy
2

me”— 16
o (16)
Parameters of the Shanghai Soft X-Ray Free Electron Laser
User Facility (SXFEL-UF) are used here for the simulation,
as summarized in Table 1. The seed laser originates from
a commercial Ti:sapphire laser system, which can provide
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Figure 4. (a) Longitudinal phase space of the electron beam after the modulator. The vertical axis p represents the energy modulation amplitude, which is
defined as the ratio of the electron’s deviation from the central energy to the initial energy spread. (b) Transverse phase of the local microbunching b (7).

laser pulses with pulse energy up to 10 mJ at 800 nm. A
third harmonic generation (THG) is employed to convert the
laser to 266 nm. Even with a conversion efficiency of 10%
of the THG, it is easy to achieve a peak power of 10 GW
level at 266 nm. Here we adopted a seed laser power of
2 GW in the simulations. With these parameters, the electron
beam receives about seven times the energy modulation of
its energy spread. The longitudinal phase space after the
modulator is shown in Figure 4(a).

Unlike the common sinusoidal energy modulation of an
electron beam, there are several discrete sinusoidal modu-
lations in an optical wavelength with phase delays between
them. As shown in Figure 1, the electron beam interacts
with the seed laser field which has typical transverse phase
structure in the modulator. The seed properties such as the
transverse phase dependence are imprinted on the electron
beam phase space. Then the electron beam passes through
the dispersion section for density modulation where dif-
ferent energy electrons travel different lengths. As a result
of this process, the microbunching structure in electron
beam is created. Considering the transverse structure of the

microbunching, the local bunching factor can be calculated
[23]
as

b(7) = (exp[i6: (7)]). (17)

Here, 0; is the pondermotive phase of the ith particle and
the brackets represent the ensemble average over all the
particles at a given transverse position 7 in the electron
beam. Figure 4(b) illustrates the transverse phase of the local
microbunching factor b(_r)), where the transverse phase
of the microbunching is not constant but has an eight-step

structure.

5. FEL performance

The FEL radiation is simulated with the three-dimensional
time-dependent FEL simulation code Genesis 1.31>"!. The
radiator is resonant at the seventh harmonic of the seed
laser, which is 38 nm. The microbunched electron beam as
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shown in Figure 4(b) is sent into the radiator with proper
lattice arrangement for FEL simulation. As illustrated in
Figure 5(a), the coherent radiation produced by the mod-
ulated electron beam retains the eight-step structure at the
radiator entrance. Consequently, the evolution of the radi-
ation profile is primarily governed by the diffraction and
linear field amplification. Then, the radiation profile grad-
ually evolves from an eight-step structure to a ring-like
distribution with helical transverse phase. At the radiator
exit, the radiation profile changes to a typical vortex light
profile with topological charge 2 and the radiation power
is saturated. To illustrate the evolution of electron beam in
the radiator, the helical bunching factor has been illustrated
in Figure 5(b) according to the approaches mentioned in
the paper!’*l. The electron bunching factor at the azimuthal
mode [ is denoted by

by(k) = ; 18)

<e”‘z””"’f (X1.2.p) >

where f (X ,z,p) is the electron beam distribution and brack-
ets indicate averaging over the ultimate coordinates, and
x, = (r,¢) represents the radial and azimuthal coordinates.
Here, k is the harmonic frequency, z is the longitudinal
position of the electron beam, and p is the energy modulation
amplitude:

p = (E—Ey) /og. 19)

where E| is the central beam energy and o is the rms energy
spread. As shown in Figure 5(b), b, is always dominant in
the radiator and by and b; are suppressed. Consequently,
this allows the optical vortex with topological charge 2 to
dominate the radiation in the mode competition along the
radiator. The radiation with topological charges 1 and O is
suppressed in the radiator. Figures 5(c) and 5(d) show the
longitudinal profile of the radiation pulse and the corre-
sponding spectrum at the radiator exit. The simulation results
show that 100-MW, fully coherent EUV vortex pulses with
topological charge 2 at 38 nm can be generated at the exit of
radiator. Figure 6 shows the final transverse intensity and its
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Figure 5. (a) Evolution of the power along the radiator. (b) Evolution of the bunching factor along the radiator. (c) The longitudinal power and (d) its

spectrum at the radiator exit.
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Figure 6. (a) The transverse intensity and (b) its corresponding phase of radiation at the radiator exit.

corresponding phase of radiation at the radiator exit. It can
be clearly seen that the transverse intensity distribution of the
light presents an obvious ring-like profile, and the transverse
phase distribution has the typical characteristics of vortex
light with topological charge 2.

6. Generation of vortex light with higher topological
charges

The phase mask shaping technique is also suitable for the
generation of vortex light with higher topological charges.
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Here we take a phase plate with 12 steps as an example to
show the generation of vortex beam with topological charge
3 at 38 nm. Simulation results are given in Figure 7. By using
an undulator segment with length of 4 m, vortex radiation
pulse with peak power over 10 MW can be generated. The
transverse phase distribution has the typical characteristics
of vortex light with topological charge 3, as shown in
Figure 7(b). However, it should be noted that the vortex
light with topological charge 3 can hardly be amplified to
saturation due to the weaker transverse coupling between
the electron beam and the vortex light with greater emission
anglel**1,
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Figure 7. (a) Evolution of the power along the radiator. (b) The transverse phase of radiation at the radiator exit.

7. Discussion and conclusion

A novel technique based on phase mask shaping has been
proposed in this paper to generate optical vortex with
multiple topological charges in seeded FELs. Through a
fine transverse manipulation of the seed laser, a multi-
dimensional modulation of the electron beam can be
achieved to generate the optical vortex with multiple topo-
logical charges. Therefore, the spatial-temporal properties of
the radiation generated in an undulator can be manipulated.
In this paper, to produce optical vortex with multiple topo-
logical charges, an eight-step phase mask scheme has been
devised for the transverse shaping of the seed laser. The final
transverse shaping of microbunching can also be changed
due to the HGHG principle. The simulation results show that
100-MW, fully coherent EUV vortex pulses with topological
charge 2 can be generated based on the proposed scheme.
The topological charge of vortex light can be controlled by
tailoring the structure of the phase mask. The simulation
results also show the EUV vortex with topological charge 3
can be produced with sufficient power. These results show
that the proposed scheme is feasible to generate EUV vortex
light with multiple topological charges. We found in the
simulations that the generated vortex light with topological
charges higher than 2 cannot be effectively amplified to
saturation due to the weaker transverse coupling between
the electron beam and the vortex light with greater emission
angle in the undulator. Further studies on this topic are still
ongoing. The principle-proving experiments of generating
optical vortex based on four stairs and eight-step phase mask
are under preparation at the SXFEL.
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