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Abstract: Recent research has focused on shorter pulses, new spectral ranges, higher photon fluxes,
and the production of photons with a variety of polarizations. A time-dependent three-dimensional
free-electron laser oscillator code was developed for a two-beam free-electron laser system with an
elliptically polarized undulator. Characteristics of the interaction of the electron beams and polarized
radiation in the XUV region were studied using this code. The code utilized an optical field using the
spectral method in the paraxial approximation by a fast Fourier transformation, a Gaussian modal
expansion for the optical field, and Newton-Lorentz force equations for particle tracking. As the
emittance was increased, the degrees of polarization of the single-beam system with an elliptically
polarized undulator and the two-beam system with a planar undulator were decreased significantly
compared to those of a two-beam system with an elliptically polarized undulator in the XUV regions.
The radiation intensities, the evolutions of the radiation power for wavelength, and the time in the
two-beam system were increased significantly compared to those of a single-beam system. The
statistical simulation result for the distribution of the number of shots in the degrees of polarization
in the two-beam system was much better than that of the case with the single-beam system.

Keywords: electron beam; polarized radiation; 3D code; simulation

1. Introduction

There exists a large variety of the free-electron lasers (FELs), ranging from long-
wavelength oscillators to X-ray FELs [1]. Research on the collective instability [2], stabil-
ity [3], and the 3D effects of a waveguide [4] in free-electron lasers has played an important
role. In a SASE, due to the shot noise, the radiation is affected by relatively poor temporal
coherence and fluctuations. Research on seeding for the production of high-power and
short-wavelength radiation in free-electron lasers has not provided sufficiently successful
results. Several studies have been trying to solve these problems [5-8]. As an alternative
method, McNeil et al. [9] proposed a two-beam FEL model using a single pass. The model
with two electron beams in the one-dimensional limit showed an improved output coher-
ence. The fundamental resonance wavelength for the fast (higher-energy) beam was a
harmonic resonance wavelength of the slow (lower-energy) beam in the two-beam system.

Recent research has focused on shorter pulses, new spectral ranges, higher photon
fluxes [10-14], and the production of photons with a variety of polarizations. Short-
wavelength pulses of ultra-short duration and high intensity generated by extreme ultravi-
olet (XUV) free-electron lasers (FELs) play an important roles new frontiers in atomic and
molecular physics, non-linear spectroscopy, solid density plasma physics, photochemistry,
and structural biology [15-17].

The elliptically polarized undulator against variable polarization types have advan-
tages due to their flexibility, simplicity, and lower cost of construction. A new 3D time-
dependent code with 3D effects such as emittance, energy spread, optical diffraction, and
nonlinear phenomena has been required for research on the interaction between the beam
and polarized radiation. Chuncheon City is specializing in the biomaterial convergence
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industry and healthcare industry. The need for research on the XUV region is emerging
for interdisciplinary convergence research between universities and cities. Therefore, we
intend to undertake a preliminary study on the interaction between the electron beam and
polarized radiation based on the proposed FEL facility, which is to be operated in the XUV
regions with an electron beam energy of 900 MeV and a radiation wavelength of 135.96 nm.

In this paper, a time-dependent 3D free-electron-laser oscillator code was developed in
a two-beam free-electron-laser system with an elliptically polarization undulator. Character-
istics regarding the interaction of electron beam and polarized radiation in the XUV region
were studied using the developed code. The elliptically polarized undulator consisted of
two flat-pole-face undulators that were oriented perpendicular to each other. However,
the developed code can be flexibly applied to planar, elliptical, and helical undulators
according to the user’s needs. The ratios of the derivative of the spot size and the spot
size for the fundamental and higher-order modes were calculated to study the refraction
effects by using the 3D time-dependent code. The degree of polarization of a two-beam
system with an elliptically polarized undulator was performed in the XUV region with
an energy of 900 MeV for the higher-energy beam and 520 MeV for the lower-energy
beam, and a current of 3000 A for the higher-energy beam and 1000 A for the lower-energy
beam. The optimized results were compared to those of a single-beam system with an
elliptically polarized undulator and a two-beam system with a planar undulator. The
distribution of the number of shots in the two-beam system was compared with that of
the single-beam system. The evolution of the radiation intensity for the wavelength was
performed using multi-particle and multi-pass simulations. The radiation power for time
was also calculated in the two-beam oscillator system using a new three-dimensional FEL
code that we developed.

2. Theory and Formulation

The APPLE-II [18,19] undulator design is configurable to produce any type of undula-
tor field from linearly polarized through elliptic polarization to a helically polarized field.
All other undulator modules serve to provide a sufficient bunching of the electron beam
in the last stage. For simplification, all these modules can be realized as planar devices,
although they might be slightly longer than helical devices. The electromagnetic field
is described by a modal expansion, and Gaussian optical modes are used for free-space
propagation. The Gauss-Hermite modes are used for simulation of planar undulators,
while the Gauss-Laguerre modes are used in simulating the interaction with elliptical or
helical undulators. In this case, the vector potential representation [20] may be written in
the following form:

© 0 o 1 . X
SA(x,y,z,t)= ¥ ¥ ¥ el,n,h<r){‘5Az(,n),h (éx sin ¢y j, & 1168, cOs @y )
I=—con=0h=1 (1)
(5A<2) 5 O
+0A), y (6x cos @1y F uelysingyy) 1,

where I and n indicate transverse mode numbers, and & is the harmonic number.
r* 17 1] (=2
e () = exp| =5 | &1L (22), @)
W,

where L!, is the associated Laguerre polynomial and & = v/2r/wy,.
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where wy, is the spot size of the h'" harmonic, and aj, is related to the curvature of the
phase front.
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The ellipticity,u,., related to the phase shift is given by:

l—cos¢
u _{l+cos¢ ’OSGDSTC/Z
e =

14-cos .
1—COSZZ ;m/2 < 4) <7

4)

The elliptical polarized undulator consists of two flat-pole-face undulator that are
oriented perpendicularly to each other. Freund et al. [21] have been working on producing
variable polarization in FEL using the APPLE-II undulator. An analytic representation of
the APPLE-II undulator model [22] is represented by:

By (x) =

Bu(z (sin(sz +g) — pllazie) Btz ) . cosh kux

©)
(Sin ka — k:;osBl;ué) dB;)Z(Z) ) é]/ COSh kwy

)
z)é,sinhkyy[cos(kyz + ¢) + cos kyz]

where By (z) is represented in the following form for the systematic component and the
random component:

Bu(z) = BY(2) + ABy(2) ©6)
(s)

where the systematic component By,” describes the adiabatic entry taper and the random
component AB;, indicates a random number generator or the measured imperfections of
the undulator magnet. The systematic amplitude variations for the tapering at the ends of
each undulator segment are assumed to be as follows:

By sin? i%z , 0<z < Npprp
e

BZU/ Ntap/\w <z

where By, is the field amplitude in the uniform region and Nj, is the number of undulator
periods in the tapering region.
Maxwell’s equation is given by:

22 R 1P .
° L P2 P 1P __ f
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where the symbols s and f indicate the slow beam (lower-energy beam) and the fast
beam (higher-energy beam), respectively; v; is the Lorentz factor of the j electron;
u; = 7jvj, ux; = yoxj, uy; = yjvy;, and uz; = y;vz;; T; is the time at which the jth
electron reaches the axial position z; and N, is the total number of electrons.

To get (Sal(ln) ,» Substitute Equation (1) into Equation (8), average over the period 271/ w

after multiplying by (&x cos ¢; , — .6, sin ¢;,), and orthogonalize in x and y after multiply-
ing by e; , 4, (r) using slowly varying envelope approximation. The left side of Equation (8)
is summarized as follows:
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The right side of Equation (8) is summarized as follows:
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Then, the ordinary differential equations for 5&11(%1)}1 and cSal(zn)h will be obtained:

sremm? (1 +u2){(1+2n + \l|)(5al(/2n)/h [2 + 2ay, (th — hkwy, & (wh)) + hkw? & (th)}
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To get 5[11(2;2 ,» Substitute Equation (1) into Equation (8), average over the period 27t/ w

after multiplying by (& sin ¢ ;, + ue, cos ¢; ,), orthogonalize in x and y after multiplying
by e, 4(r) using slowly varying envelope approximation, and assume that the direct
mode-mode coupling terms can be neglected.

Then, the left side of Equation (8) is summarized as follows:

2
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The right side of Equation (8) is also summarized as follows:
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(1)

Then, the ordinary differential equations for da; ', and (511[(211)}1 will be obtained as well:

—ﬁcmnz (1+ uez){(l +2n+ |l|)5al(1n)h {2 + 2ay, (th - hkwh;—z(wh)> + hkwh £ (och)}

(16)
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My =1 (n+|1])! ‘uz}
lnh !

The Newton-Lorentz force equations for the particles are given by:

id i
VZ]de]

l.lZ
1 de]

(19)

:—eZSE—evj X (Bw + 0B)

= —eSE—et x (Bw+0B)  i=sf
j
where 6E and 0B correspond to the electric and magnetic fields of the complete super-
position of Gaussian modes, p j is the momentum of the " electron, and By, is the magneto-
static fields.

In a time-dependent simulation, the radiation in the i*" slice is replaced by:

5Ai — (5Al — ((SZ//\-‘U)()L/CAt) X [(SAZ — 5Ai—1] (20)

The Stokes parameters [23] on the transverse position are given by:

So(x,y) = [En(x,y)I> + [Ev(x,y)[* = I gy (x,9) + Lag7 (X, 1),
S1(x,y) = [Eu(x,y)I> = [Ev(x,y)[* = L gy (x,y) = Lggry (X,1), 1)
S2(x,y) = R(Eu(x,y)Ev(x,y)) = 1(450)(x,y) — sy (v, y),
Sa3(x,y) = S(En(x,y)Ev(x,y)) = Iru(x,y) — ILa(x,y)

The local polarized fraction of the light represents the fractional intensity of the
polarized component at each x, y position as:

V1Y) + Sa(x,) + S3(x,v)
P(x,y) = So(x,v)

(22)

The local elliptically polarized fraction of the light and the local direction of the
elliptically polarization vector can be defined as:

\/81 (x,y) 24 S(x, y)
So(x,y)

o - 3]

Piin(x,y) = (23)
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3. Numerical Simulations

The interaction of the beams and the polarized radiation was studied using the three-
dimensional FEL code in the two-beam oscillator system. The 3D time-dependent code with
an optical resonator was capable of the interaction between the electron beam and polarized
radiation in an arbitrarily polarized undulator. This code also utilized an optical field using
the spectral method in the paraxial approximation by a fast Fourier transformation, and
included 3D effects such as emittance and optical diffraction. Gaussian-mode superposition
for the optical fields and the direct integration of the Newton-Lorentz force equations for
particle tracking were used, and several optical elements such as mirrors and lenses could
be installed. Since the need for research on the XUV region for the biomaterial convergence
and healthcare industry is emerging for interdisciplinary convergence research between
universities and cities, we intended to study the interaction between the electron beam and
the polarized radiation in the XUV region with an electron beam energy of 900 MeV and
a radiation wavelength of 135.96 nm, according to the user’s request. Simulations were
performed for XUV regions with an energy of 900 MeV for the higher-energy beam and
520 MeV for the lower-energy beam. A radiation wavelength of 135.96 nm, a current of
3000 A for the higher-energy beam and 1000 A for the lower-energy beam, a wiggler period
of 0.04 m, and a field amplitude of 1.2 T for a particle number of 1000 and a pass number of
300 were used to study the interaction of the polarized radiation and the electron beam. A
normalized emittance of ¢, = 0.01 ~ 0.1 mm-mrad, an energy spread of 0.1-0.5%, and a
time window of 260 fs in order to allow for slippage were also used in the simulations.

The number of CELLs was 5, and the CELLSs consisted of {QDH, ds1, undulator1, ds2,
QF, ds3, undulator2, ds4, QDH}; QDH was the half of QD (defocusing quadrupole), QF
was the focusing quadrupole, and ds was the drift space. The length of one undulator was
3.6 m, one CELL was 8.16 m, and the total length is 40.8 m. The differential equations for
simulations were integrated simultaneously with the 3D Lorentz force equations for the
two-beam oscillator system with the elliptically polarized undulator. The stable operation
of the optical cavity required f = 5 > L./4 for the mirror focal length f, the cavity round
trip length L, and the mirror’s radius of curvature of r.

The spot size variation was related to the refractive guiding of the signal that was
calculated by the three-dimensional code that we developed. The ratios of the derivative of
the spot size and the spot size for each higher-order mode of h = 1, 3, and 5 for the slow
(lower-energy beam) and fast (higher-energy beam) beam are shown in Figure 1. Each
maximum value represents the fundamental and higher-order modes of h=1, h =3, and
h = 5. The maximum values for a single beam and two beams were in the range of 10~
to 10~* or less with respect to the total length in both cases. The ratios of the derivative
of the spot size and the spot size for each higher-order mode in the two-beam system
were less affected by refraction, and there was no difference compared to those of the
single-beam system.

The Gauss-Laguerre modes were used in simulating the interaction of the beam
and polarized radiation for the XUV regions. Our developed 3D time-dependent code
treated the electromagnetic field as a superposition of the Gauss-Laguerre modes for
three-dimensional representation with the transverse mode structure in the two-beam
system and the single-beam system. The polarization and intensity of the XUV in the
two-beam system with the elliptically polarized undulator were calculated for emit-
tances of ¢, = 0.01, 0.05, 0.1 mm-mrad and an energy spread of 0.1%, as shown in
Figure 2a—c. The results were compared to those of the planar undulator with an emittance
of ¢, = 0.05 mm-mrad and an energy spread of 0.1%, as shown in Figure 2d.

The results were also compared with those of the single-beam system, as shown in
Figure 3a—c. In the case of a degree of polarization over 90%, the degree of polarization in a
two-beam system with an emittance of 0.05 mm-mrad was not significantly different from
that of the case with an emittance of 0.01 mm-mrad. However, the degree of polarization
with an emittance of 0.1 mm-mrad was decreased by approximately 50% compared to
the case with an emittance of 0.01 mm-mrad. The degree of polarization in a single-beam
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system with an emittance of 0.1 mm-mrad was decreased by approximately 63% compared
to the case with an emittance of 0.01 mm-mrad.

104
10-7
RIS
10-10
10-1 — 1st harmonic
3rd harmonic
0 10 20 30 40 i
5th harmonic
z (m)
(a)
104
10-7
| 5
10-10
10-1 — 1st harmonic
3rd harmonic
0 10 20 30 40 i
5th harmonic
z (m)

(b)

Figure 1. The ratio of the derivative of the spot size and the spot size of two beams (a) and a single
beam (b) for each higher-order mode of h =1, 3, and 5 modes.

For the comparison of the degree of polarization of the two-beam system and the
single-beam system, the degree of polarization in the two-beam system with an emittance
of 0.01 mm-mrad was increased by approximately 27% compared to that of a single-beam
system. However, the degree of polarization in a two-beam system with an emittance
of 0.1 mm-mrad was increased by approximately 50% compared to that of a single-beam
system. As the emittance increased, the degree of polarization of the single-beam system
was decreased significantly compared to that of a two-beam system.

For the comparison of the degree of polarization with the elliptically polarized undu-
lator and with the planar undulator, the degree of polarization of the two-beam system
with the elliptically polarized undulator was increased by about 50% compared to the case
with the planar undulator. However, the degree of polarization of the single-beam system
with the elliptically polarization undulator was increased by about 30% compared to the
case with the planar undulator.

The radiation intensity with the axial distance for the fundamental and higher-order
modes of h =1, 3, and 5 modes in the two-beam system are shown in Figure 4. The evolution of
the radiation field intensity was calculated for the fundamental mode of1=0, n=0, andh =1
in the two-beam oscillator system, as shown in Figure 4a. The result was compared to those
of the higher-order modes of 1 =0, n =0, h =3 and 1 = 0, n=0,h = 5 with an emittance
of £, = 0.1 mm-mrad and energy spread of 0.1% in the two-beam system, as shown in
Figure 4b,c, respectively.
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Figure 2. The degree of polarization of the radiation amplitude in the two-beam system with
the transverse mode structure of the Gauss-Laguerre modes (color online): (a) an emittance of
ey = 0.0l mm-mrad and an energy spread of 0.1%; (b) an emittance of ¢, = 0.05 mm-mrad and
an energy spread of 0.1%; (c) an emittance of ¢, = 0.1 mm-mrad and an energy spread of 0.1%;
(d) planar undulator with an emittance of ¢, = 0.05 mm-mrad and an energy spread of 0.1%.
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Polarization
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Figure 3. The degree of polarization of the radiation amplitude in the single-beam system with
the transverse mode structure of the Gauss-Laguerre modes (color online): (a) an emittance of
en = 0.0l mm-mrad and an energy spread of 0.1%; (b) an emittance of ¢, = 0.05 mm-mrad and an
energy spread of 0.1%; (c) an emittance of ¢, = 0.1 mm-mrad and an energy spread of 0.1%.
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Ga? in the xy planeatl=0,n=0h=1
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5a? inthe xy planeatl=0,n=0,h=3

0.010 ~0:010

(b)
&a? in the xy planeatl=0,n=0,h=5

Figure 4. Evolutions of the field intensity of polarized radiation for the fundamental and higher-order
modesof1=0, n =0, h=1 (a),h =3 (b), and h = 5 (c) in the two-beam system with an emittance
of ¢, = 0.1 mm-mrad and an energy spread of 0.1% (color online).
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Evolutions of the polarized radiation field intensity for the higher-order modes of
1=0,n=0, h =3and5 had lower radiation amplitudes than that of the fundamental
mode of ] = 0, n = 0, and h = 1 in the two-beam oscillator system. For an emittance
of ¢, = 0.1 mm-mrad and an energy spread of 0.1%, the saturation intensities for the
higher-order modes at 1000 particles and 300 passes were decreased by approximately 80%
compared to that of the fundamental mode.

The evolution of the field intensity of the polarized radiation with axial distance for the
fundamental mode of 1 = 0, n = 0, and h = 1 was compared with those of a Genesis [24]
simulation, as shown in Figure 5a,b, in the single-beam oscillator system. The harmonic
field’s intensity of polarized radiation of the fundamental mode for this work showed a
difference of approximately 3.3% compared to that obtained using the Genesis simulation in
a single-beam configuration. The difference was due to the different formalism between our
work with the higher-energy beam alone in the two-beam system and Genesis with a single-
beam system, the number of grid points, and the mesh size, etc., in the simulations. The
main difference was that the Genesis code used the wiggler-averaged-orbit approximation
with a grid-based field solver. However, our code integrated the Newton-Lorentz equations
with a Gaussian-mode superposition for the optical fields.

The results for the fundamental mode were compared to those of the higher-order modes
ofl=0,n=0, h=3and 1 =0, n = 0,h = 5 with an emittance of ¢, = 0.1 mm-mrad and
energy spread of 0.1% in the single-beam system, as shown in Figure 5c,d.

However, the evolutions of the field intensity of polarized radiation for the higher-
order modes of 1 = 0, n = 0, h = 3 and 5 at 1000 particles and 300 passes were decreased
significantly, by approximately 84% compared to that for the fundamental mode in the
single-beam oscillator system.

The harmonic field’s intensity of polarized radiation of the fundamental mode in the two-
beam system was increased by approximately 8% compared to that of the single-beam system.

The distributions of the number of shots for the polarized radiation are shown in
Figure 6. The value for each quantity was obtained as an average over 28,000 shots with
a bin width of 0.01. The maximum degree of polarization reached over 90%, which was
concentrated at the center of the distribution of polarization. In the concentric distribu-
tion, the degree of polarization represented more than 90% based on 0.3, the degree of
polarization represented over 60% for greater than 0.2 and less than 0.4, and the degree
of polarization represented over 30% for greater than 0.1 and less than 0.5. The degree
of polarization below 30% was ignored. The distribution of polarization in the two-beam
system was concentrated in the center by more than approximately 7% compared to the
single-beam system.

0.000
x(m} T~
0.005

Figure 5. Cont.
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0.010

(d)

Figure 5. Evolutions of the field intensity of polarized radiation for the fundamental and higher-order
modes of (a) h =1 (Genesis simulation), (b) h =1, (c) h = 3, and (d) h = 5 modes in the single-beam
system with a fast beam for an emittance of ¢, = 0.1 mm-mrad and an energy spread of 0.1%
(color online).
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Figure 6. The distribution of the number of shots in the two-beam system (a) and in the single-beam
system (b). The polarization states reached the degree of polarization over 90% at the center of
the distribution.

The evolution of the field intensity of polarized radiation for the radiation wave-
length with axial distance for the fundamental and higher-order modes of h =1, 3, and
5 modes was calculated in the two-beam system with the elliptically polarized undulator,
as shown in Figure 7. Evolution of the radiation field intensity versus the wavelength
for the fundamental mode of1 = 0, n = 0, and h = 1 in the two-beam oscillator system
is shown in Figure 7a. The results were compared to those of the higher-order modes of
1=0,n=0, h=3and1 =0, n = 0,h = 5 with an emittance of ¢, = 0.1 mm-mrad and
an energy spread of 0.1% in the two-beam system, as shown in Figure 7b,c.

The evolution of the field intensity of polarized radiation for the wavelength for the
higher-order modes of 1 = 0, n = 0, h = 3 and 5 had lower radiation amplitudes than
that of the fundamental mode in the two-beam oscillator system. It was found that the
field intensity of polarized radiation for the wavelength had a maximum value when the
resonant radiation wavelength was 135.96 nm. The radiation intensities for the higher-order
modes at 1000 particles and 300 passes were decreased by approximately 80% relative to
that for the fundamental mode.
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Figure 7. The evolution of the field intensity of polarized radiation for the wavelength with axial dis-
tance for the fundamental and higher-order modes of h =1 (a), 3 (b), and 5 (c) in the two-beam system.

The evolution of the field intensity of polarized radiation for the wavelength with
axial distance for the fundamental and higher-order modes of h =1, 3, and 5 modes was
calculated in the single-electron beam system, as shown in Figure 8.

The evolution of the field intensity of polarized radiation versus the wavelength for
the fundamental mode of 1 = 0, n = 0, and h = 1 is compared with that of the Genesis
simulation in the single-beam oscillator system, as shown in Figure 8a,b. The harmonic
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field’s intensity between this work and the Genesis simulation showed a difference ap-
proximately 3.1% in the single-beam oscillator system. The radiation power versus time
for the fundamental mode was also compared to the 4GLS XUV-FEL [25] with an energy
of 950 MeV and a peak current of 1.5 kA, as shown in Figure 8e. The radiation power
between this work (blue) and the 4GLS (red) showed a difference of approximately 4%
in the single-beam oscillator system. The difference was due to the different formalism
between our work with the higher-energy beam alone in the two-beam system and the
Genesis simulation with a single-beam system, the number of grid points, and the mesh
size, etc., in the simulations. The results for the fundamental mode were compared to those
of the higher-order modes of ] =0, n =0, h =3 and 1 =0, n = 0,h = 5 with an emittance
of ¢, = 0.1 mm-mrad and an energy spread of 0.1% in the single-beam system, as shown
in Figure 8c,d. However, the evolution of the field intensity of polarized radiation for
the wavelength for the higher-order modes of ] = 0, n = 0, h = 3 and 5 at 1000 particles
and 300 passes was decreased significantly, by approximately 78% compared to that for
the fundamental mode in the single-beam oscillator system. The normalized radiation
field’s intensity of the fundamental mode for the wavelength in the single-beam system
was decreased by approximately 5% compared to that of the two-beam system.
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Figure 8. The evolution of the field intensity of polarized radiation for the wavelength with axial
distance for the fundamental and higher-order modes of (a) h =1 (Genesis), (b) h =1, (¢c) h =3,
(d) h =5, and (e) h = 1 (4GLS) modes in the single-beam system.
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The power of polarized radiation versus time within the optical pulse are shown
in Figure 9. The time window was 0.26 ps in order to allow for slippage across the
electron bunch in the simulation The temporal pulse shape at z = 10.0 m for the sum
of the fundamental and higher-order modes of h = 1, 3, and 5 in the two-beam system
with the elliptically polarized undulator exhibited a broad distribution of spikes, and
this corresponded to the development of temporal coherence, as shown in Figure 9. The
evolution of temporal coherence is illustrated in Figures 9-12. The temporal pulses are
shown at z = 10.0 m, 20.0 m, 30.0 m, and 40.8 m, respectively. These figures correspond
to the exponential gain region prior to saturation. It was clear that a large number of
spikes coalesced into a smaller number of spikes. This phenomenon corresponded to the
narrowing of the linewidth due to the development of coherence. The power at z = 40.8 m
was increased by approximately 94% compared to that of z = 10.0 m.

slow and fast
12000 ' '
10000
€
S
=~ 80 t
'I\I‘
[0}
a0 |
3
2 400 |
[e]
o
20 t
Ot. . . ‘ ‘ ‘
000 006 010 015 020 05
Time (ps)

Figure 9. The temporal pulse shape at z = 10.0 m for the sum of the fundamental and the higher-order
modes of h =1, 3, and 5 modes in the two-beam system with the elliptically polarized undulator

(color online).
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Figure 10. The temporal pulse shape at z = 20.0 m for the sum of the fundamental and the higher-
order modes of h =1, 3, and 5 modes in the two-beam system with the elliptically polarized undulator

(color online).
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Figure 11. The temporal pulse shape at z = 30.0 m for the sum of the fundamental and the higher-
order modes of h =1, 3, and 5 modes in the two-beam system with the elliptically polarized undulator
(color online).
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Figure 12. The temporal pulse shape at z = 40.8 m for the sum of the fundamental and the higher-
order modes of h =1, 3, and 5 modes in the two-beam system with the elliptically polarized undulator
(color online).

4. Conclusions

The interaction of beams and polarized radiation in the XUV region in a two-beam
system with an elliptically polarized undulator were studied using a time-dependent
three-dimensional free-electron laser oscillator code that we developed. The ratios of
the derivative of the spot size and the spot size for the fundamental and higher-order
modes were calculated to study of the refraction effects using the 3D time-dependent
simulations. The results for the two-beam system were less affected by refraction compared
to those of the single-beam system. The two-beam oscillator system was less sensitive
to the emittance and the energy spread. The degree of polarization of the two-beam
system was much better than that of the single-beam system regarding the effect of the
emittances, and the degree of polarization of the two-beam system was less sensitive to
emittance compared to the single-beam system. As the emittance increased, the degree of
polarization of the single-beam system was decreased significantly compared to that of
the two-beam system. The distributions of the number of shots for the polarized radiation
were performed for the statistical analysis. The distribution of polarization in the two-beam
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system was concentrated in the center, more than approximately 7% compared to the
single-beam system. The degree of polarization of the two-beam system with the elliptically
polarization undulator was much better than that of the case with the planar undulator. The
radiation intensity of the high-energy beam alone in the two-beam system differed by less
than about 4% compared to the Genesis simulation and the 4GLS radiation intensity in the
single-beam system. The radiation intensity for the wavelength with two beams increased
by about 8% compared to that of the single-beam system in the fundamental mode. The
simulation results based on the emittance, the energy spread, and the higher-order modes
were in good agreement with the Genesis simulation and the 4GLS radiation intensity in
the single-beam system. The evolution of the radiation intensity for power versus time
clearly showed that the early collection of a large number of spikes had coalesced into a
smaller number of spikes. It was also clear that the temporal pulse shape was gradually
narrowed and the power was increased due to the development of temporal coherence in
the two-beam oscillator system with the elliptically polarized undulator.
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