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Abstract To date, two-color pulses are widely used in
pump—probe experiments. For a ring-based light source, the
power of the spontaneous radiation fluctuates randomly in
the longitudinal direction. It is difficult to produce two-
color double pulses by optical methods. In this paper, we
introduce a method based on the echo-enabled harmonic
generation scheme that generates two-color pulses in a
storage ring light source. By adopting crossed undulators
and a phase shifter, the polarization of the two-color pulses
can be easily switched. A numerical simulation based on a
diffraction-limited storage ring, the Hefei Advanced Light
Source, suggests that the time delay and spectral separation
of the two pulses can be adjusted linearly by changing the
pulse duration and chirp parameters of the seed laser. A
circular polarization degree above 80% could be achieved.
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1 Introduction

Two-color radiation pulses with different wavelengths
and an adjustable time delay have been widely used in
pump—probe experiments. Two different optical pulses are
injected into the sample that is to be studied. One of these
is called the pump pulse and is meant to prepare the system
in a specific state, e.g., revert the system to optical trans-
parency. The second pulse is called the probe pulse and is
captured after it has travelled through the sample. Then,
analysis of this probe pulse yields information about the
state of the system [1], and by controlling the polarization
of the radiation pulses, it is possible to investigate the
dynamic processes occurring during a series of chemical
reactions [2].

Many two-color pulse generation methods for linac-
based free-electron lasers (FELs) have been proposed and
demonstrated experimentally. The first two-color FEL in
the soft X-ray region was realized at the Linac Coherent
Light Source using the emittance spoiler method [3],
double undulator method [4], and fresh-slice method [5]. In
these methods, the FEL operates in the self-amplified
spontaneous emission (SASE) [6] mode. Note that, the FEL
can also be operated in the seeded mode by using seeding
techniques such as the high-gain harmonic generation
(HGHG) scheme [7] or the echo-enabled harmonic gener-
ation (EEHG) scheme [8, 9], which can be used to improve
the longitudinal coherence of the SASE-FEL. Another
two-color pulse generation method for FELSs is operation in
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the seeded mode based on the HGHG scheme, which is
called the chirped seed laser method [10-13]. In this
method, a seed laser with a linear frequency chirp is
adopted to generate double FEL pulses with different
wavelengths. The APPLE-type undulator method [14, 15]
or the crossed undulator method [16-20] can be applied to
control the polarization of the radiation pulses. It is easier
to switch the helicity of the radiation pulses in the crossed
undulator method, which uses two undulators with
orthogonal magnetic fields than in the APPLE-type undu-
lator method. An adjustable magnetic chicane (phase
shifter) is installed between the two undulators to change
the arrival time difference between the electron beam and
the radiation field, and consequently the phase difference
between the two radiation fields. In this way, arbitrarily
polarized light can be obtained.

Given the high repetition rate and stability of electron
beams in a storage ring (SR), it is attractive and useful to
generate two-color polarization-adjustable pulses in SRs.
To generate two-color radiation pulses in SRs, the method
based on HGHG requires a high modulation energy. High
energy modulation will increase the energy spread of the
SR beam (by approximately one order), making the beam
unstable in the SR, and the harmonic conversion number
will be low (< 10). Because the seed wavelength is in the
ultraviolet region, the output radiation is limited to the
extreme ultraviolet region. EEHG can generate higher
harmonic radiation (up to 1 nm) with low energy modu-
lation and has been extensively studied in SRs to generate
coherent radiation [21-24]. To generate two-color radiation
pulses in the soft X-ray region, the EEHG scheme is
adopted. To flexibly adjust the polarizability of the two-
color pulses, the crossed undulator method is used. The
modulated beams travel through two undulators and gen-
erate two coherent radiation pulses. The two radiation
pulses have different polarization directions and are
superimposed to form circularly polarized light. The degree
of polarization can be adjusted by a phase shifter in the
central region of the radiator. In the following sections, the
details of the proposed method and the simulation results
are presented.

The remainder of this paper is organized as follows. In
Sect. 2, the methods of generating two-color radiation
pulses in SRs are introduced. A numerical simulation of
this method based on the Hefei Advanced Light Source
(HALS) [25, 26] is described in Sect. 3. Section 4
demonstrates the simulation results of polarization control
at HALS. The conclusions are provided in Sect. 5.
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2 Methods

The layout of the proposed method is illustrated
schematically in Fig. 1. The EEHG structure is located in
two adjacent straight sections. The electron beam interacts
with the first laser in the first undulator (mod 1), gaining
energy modulation. After passing through the arc between
the two straight sections, the electron beam is over-com-
pressed on the laser wavelength scale, forming an energy
band structure in longitudinal phase space. Then, the
electron beam gains energy modulation from a frequency-
chirped laser in the second undulator (mod 2), where the
energy modulation is converted to density modulation in
the dispersion section (chicane). Two-color pulses are
generated when finishing the transportation to the down-
stream undulator (radiator). Considering that the sign of
Rs¢ element of the chicane is opposite to that of the arc
section, the conditions for parameter optimization of the
EEHG scheme are different from those used in the FEL.
The optimization scheme for this case has been described
in detail in Ref. [24]. We will review the main points
below. The bunching factor in a one-dimensional (1-D)
approximation can be written as

bun = |exp{[~(1/2)nB1 + (m + n)B2]’}

Jm[—(m—l—}’l)Asz]Jn{—A][}’lBl + (m+n)Bg]}|, (1)

where n and m are integers; A; = Ay;/o, and B; =

Rg’gksay /v are dimensionless parameters with i = 1,2; Ay
and o, are the energy modulation amplitude and beam

i Chicane
Frequency chirped Mod 2 Radiator
laser pulse _ Two-colour output
- \ A

Storage ring

Fig. 1 (Color online) Layout of two-color method in an SR: The
modulator and radiator are placed on the adjacent straight sections. A
laser with a linear frequency chirp is adopted as the second
modulation laser
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energy spread, respectively; Rg’g is the longitudinal dis-
persion in the arc region (i = 1) or the chicane (i = 2);
ks = 27/ As, where A is the wavelength of the seed lasers
(two seed lasers with the same wavelength); and ) is the
Lorentz factor of the electron beam. In this case, the
optimal conditions for maximizing the bunching factor are
B; x By<0, n=1, and m > 0 [24]. The optimal condi-
tions for A,, B, are

5017? =B +NBZ,opt

N—1+081(N—-1)"3 N> 9) (2)
NBZ,opt ’ ’

A2,opt =

where N is the harmonic conversion number, and B is a
constant related to the arc design of the SR. £opr maxi-
mizes F(& A)) =J1(EA))exp(—E&2/2) at a specific Aj.
Given Ay, By, and N, the optimal values of A, and B, can
be obtained by solving Eq. (2).

The SR EEHG operates in the coherent radiation
regime. In this regime, the maximal bunching factor is
determined by the parameters A;, A, Bj, and B,. The
radiation power is proportional to the square of the
bunching factor [27]. We may attempt to find the properties
of the two-color pulses by analyzing the time distribution
of the optimal bunching factor.

Given a laser having a Gaussian power profile with
duration oy, the dimensionless energy modulation ampli-
tude A can be written as

A(t) = Agexp <_th) (3)

where A is the maximal value of A(¢), and ¢ is the time
coordinate in unit of o.

Assuming the first laser has a longer duration than the
second laser, the first energy modulation amplitude A; can
be considered independent of time, and A,(¢) obeys
Eq. (3). Combining Egs. (1) and (3) yields the time dis-
tribution of the bunching factor:

b0~ i [

_52
J1 [A] 6} exXp (T)

where ¢ = B; + NB,. By giving A; and letting ¢ maximize
F(£,Ay), the scale function of the bunching factor can be
obtained:

(4)

)

s [owen( )]}

where ¢y = NB,A;.

By (1) is the absolute value of the (N — 1)th-order Bessel
function with argument ¢, exp(—t>/4). Taking N = 60,
the corresponding Bgo(t) for various ¢y, values was cal-
culated, as shown in Fig. 2.

Figure 2 shows two symmetrical peaks with a time
interval of Ar = 1.04g; when ¢ = 66.5. Two coherent
radiation pulses with an interval of Af would be generated
after the modulated electron beam passes through the
radiator.

In general, the bunching factor could generate two
symmetrical peaks along the longitudinal direction when
¢y is the first positive zero point r; of Bessel function
Jy-1(x). According to the properties of Bessel functions,
(N — 1)th-order Bessel function reaches the first maximum
when

x=N—1+081(N—1)". (6)

If we let x = ry exp(—#2/4), we find that the time interval
of the pulses obeys the relation

r
At =40, | In . (7)
t <N—l+0.81(N— 1)‘“)

The spectral distance between the two radiation pulses with
time interval At is

Aw = 2NAta, (8)

where o is the linear frequency chirp of the second seed
laser.

Equations (7) and (8) indicate that the time interval and
spectral distance of the pulses are linearly proportional to
the duration g, and the frequency chirp a of the second seed
laser. Thus, the time interval and spectral distance of the
radiation pulses can be adjusted linearly by controlling the
parameters of the seed laser.

To control the polarization of the two-color pulses, the
crossed undulator method was adopted (Fig. 3). The cros-
sed undulators are composed of radiator-H, with a

0.2

t(at)

Fig. 2 (Color online) Curve of Bgo(t) for various ¢, values
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Fig. 3 (Color online) Schematic of the polarization adjustment method. The phase shifter is used to shift the path delay between the electrons

and the radiation pulse

magnetic field in the horizontal direction, and radiator-V,
with a magnetic field in the vertical direction.

The polarization of the radiation output can be charac-
terized by the Stokes parameters, which are defined as [28]

S0 <E)%> + <E§>
s ) —(E;
S— 1 _ <Ex> <Ey> , (9)
5 2(E,Ey cos(Ad))
53 2(E\E, sin(A¢))

where angle brackets (...) indicate averaging over time. E,
and E, are the electric fields with x and y polarization,
respectively. The degrees of the total and circular polar-
ization are

VoETE o)

S0

Ptot =

and

Pcir = M (11)
S0

From Egs. (10) and (11), one can see that the maximized

polarization can reach 100% when E, and E, are the same

in the temporal and spectral domains. By adjusting the

phase difference between E, and E,, one can realize cir-

cular polarization from 0 to 100%.

3 Two-color operation of HALS

A case study of the proposed method based on HALS is
given in this section to demonstrate its feasibility. HALS
was put forward some years ago as a future soft X-ray
diffraction-limited SR at the National Synchrotron Radia-
tion Laboratory in China.

The simulation results of two-color pulses in the water
window region (4 nm) are presented below. The seed laser
wavelength was 240 nm, with B; = —20.3, A; =3, and
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N = 60. The interaction between the electron beam and
laser in the undulator was simulated using GENESIS [29],
and the output electron beam distribution data were utilized
in ELEGANT [30] to simulate the electron beam passing
through the arc section in HALS. The acquired longitudinal
distribution of the beam in phase space is shown in Fig. 4.
The energy band structure can be seen clearly. From
Eq. (2), the optimal values of A, and B, are 2.99 and 0.35,
respectively. The 1-D analysis on which the results are
based differs from the three-dimensional (3-D) situation, so
the bunching factors (Fig. 5) are calculated using GEN-
ESIS with various values of B, and A, for parameter
accuracy. The corresponding optimal A, and B, values are
3.13 and 0.293, respectively. According to the first section,
the parameter ¢y = NB>A, needs to have an appropriate
value for the bunching factor to obey a bimodal distribution
and generate dipulse radiation. The theoretical value of ¢g,
is 66.5, according to 1-D analysis. Allowing for the 3-D
effect, we calculate the bunching factor distributions cor-
responding to various ¢, values using GENESIS by
changing A, (Fig. 6).
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0 0.5 1 1.5 2 25 3

z/I\
S

Fig. 4 (Color online) Longitudinal distribution of electron beam in
phase space after the arc region



Generation of two-color polarization-adjustable radiation pulses for storage ring light source

Page 5 of 9 66

0.1 -e»A2=2.98
. -o-A,=3.13
0.08+ 7 S A,=3.25
ldl Q\\\
0.06 f gt N .
3 A *
° £ s,
004} 7 oy 1
0.024* R
b
ol ‘ ‘ ‘
0.285 0.29 0.295 0.3 0.305
B

Fig. 5 (Color online) Bunching factor for various values of A, and B;
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Fig. 6 (Color online) Curve of bgo(r) for various ¢g, values
calculated by GENESIS

The theoretical results from Sect. 2 neglect the beam
emittance and the nonlinear terms of the beam line, so they
deviate from the simulation results. We find that the sim-
ulation result for ¢y, is smaller than the theoretical result.
As can be seen from Fig. 6, when ¢¢ ~ 59.3 and
A, =~ 3.4, the bunching factor follows a bimodal distribu-
tion. The specific parameters are listed in Table 1. The
transition from single-pulse to double-pulse behavior is not
sudden, so the optimal value of ¢, is defined as the value
at which the power of the suppressed emission from the
central part of the electron bunch is negligible compared to
that of the two peaks. For example, in this paper, we take
the bunching factor for the central part of the electron
bunch to be less than 0.02, so the peak power of the double
pulse is more than 16 times the power of the central part of
the electron bunch. Two-color radiation pulses are simu-
lated using the parameters in Table 1, among which the
second seed laser pulse duration is 100 fs, and the fre-
quency chirp o is 1.22 x 10?° fs=2. The simulation result is
presented in Fig. 7. Gaussian-like dipulses are generated

Table 1 Main parameters of the proposed method at HALS

Parameter Value
Beam energy (GeV) 2.4
Energy spread (%) 0.08
Bunch length (mm) 2.07
Horizontal emittance (pm - rad) 21
Vertical emittance (pm - rad) 2.1
Peak current (A) 12
Length of the straight section (m) 5.1
Period of mod 1, mod 2 (m) 0.2,02
Radiator period (cm) 2
Radiation wavelength (nm) 4

Peak power of seed laser 1 (GW) 3.38
Peak power of seed laser 2 (GW) 7.1
Rayleigh length of seed lasers 1, 2 (m) 4,2
Seed wavelength (nm) 240
Arc region Rs¢ (mm) — 0.945
Chicane Rsq (pm) 13.40
Chicane length (m) 1.072
Period number of mod 1, mod 2 20, 10
Period number of radiator 50

with a time separation of 103 fs, and the durations of the
first and second pulses are 21 and 22 fs, respectively. The
spectral separation of the first and second pulses is 0.98 eV.

To verify the accuracy of Egs. (7) and (8), the radiation
dipulse interval Az and the energy separation of the central
photons AE = hAw, which correspond to seed lasers with
various pulse durations and frequency chirps, are calcu-
lated (Fig. 8). 7 is the reduced Planck constant. In Fig. 8,
good agreement between the linearized solution of Eqs. (7)
and (8) and the simulation results can be observed.

To intuitively demonstrate the longitudinal distribution
of the radiation pulses, the Wigner function W(w, ) [31] is
used:

T T
W(w,1) = /E (z+§)E(t —5) exp(—iot)dr,  (12)
where E(7) is the electric field of the radiation pulse, E*(¢)
is the complex conjugation of E(f), and w is the radiation
frequency.

Figure 9a, b shows the Wigner distributions of radiation
pulses with the same AE, 1.6 eV, but different time inter-
vals: Ar =40 fs (a) and Ar = 80 fs (b). The simulation
results with the same time interval, Ar = 50 fs, but dif-
ferent energy separations, AE = 0.6 eV and AE = 1.2 eV,
are shown in Fig. 9c, d, respectively. Figure 9 clearly
shows that the frequency and time of the output pulses are
linearly correlated.

In order to change the pulse duration online, a few
methods can be applied to change the pulse duration from
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Fig. 8 Time interval variation over seed pulse duration at AE = 1 eV (a) and central energy separation over seed laser chirp at At = 104 fs (b)

hundreds of femtoseconds to dozens of picoseconds, such
as combining multiple lasers and introducing a delay
between the Q-switched pulses of each laser [32, 33], or
controlling the variation in spectral bandwidth via a tunable
filter [34]. A controllable frequency chirp can be induced
by propagating the seed pulse through a stretcher [35]. The
linear frequency chirp can be continuously tuned by
changing the parameters of the stretcher.

4 Polarization control at HALS

To obtain polarization-adjustable radiation pulses, we
adopt the crossed undulator method by separating the 1-m-
long radiator into two 0.5-m-long radiators, radiator-H and
radiator-V. A 0.3 m phase shifter is placed in the center to
control the polarization. The layout is shown in Fig. 3.

To realize perfect circular polarization, the radiation
from the two crossed radiators should overlap perfectly in

@ Springer

the temporal and spectral domains. This is difficult to
achieve in practice. To maximize the coincidence of the
pulses in the temporal and spectral domains, the optimal
bunching factor (see Fig. 6, red line) is realized at the
center of the phase shifter by slightly changing the
parameter B;. As a result, the radiation pulses from radi-
ator-H and radiator-V will overlap in the temporal and
spectral domains. The output radiation pulses are shown in
Fig. 10. It can be seen that the polarization pulses in the
two directions are similar in shape and intensity. However,
they are not exactly the same, for it is impossible to ensure
that radiation pulses produced by two coherent radiation
processes are identical. Moreover, because of the slippage
effect in radiator-H and the phase shifter, the two pulses do
not completely overlap in the time domain.

Ptot and Pcir are shown in Fig. 11. We can see that the
total polarization degree is approximately 85%, and the
degree of circular polarization reaches its maximum when
the phase is close to 0.37 + nm, where n is an integer.
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It can be concluded from the theoretical and simulation  In order to obtain dipulse peaks with powers greater than 5

results that a stable dipulse duration and delay can be  times the power in the central part of the dipulse, the
produced when ¢, stabilizes around an appropriate value. ~ parameters should be set to 57.2 <¢e, = 60AB <61.4.
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AA/A + ABJB = A(AB)/(AB) = A($eo) /(o) <3.5%
could be obtained, which means that the sum of the fluc-
tuations in the chicane parameters and energy modulation
should be less than 3.5%. If the shot-to-shot fluctuation of
the laser power is 5%, it can be obtained that
AA/A =~ 2.5%, and AB/B increases to 1%. This indicates
that the fluctuation of the magnetic field in the chicane
should be better than 1%. As shown in Fig. 12, the largest
change rates of the dipulse duration and delay are
approximately 20%.

5 Conclusion

By adopting a chirped seed laser in the EEHG scheme,
we achieved two-color coherent radiation pulses with a
peak power of approximately 1.2 kW in an SR. The time
delay and spectral separation of the two pulses can be
adjusted linearly by changing the pulse duration and chirp
parameters of the seed laser. Using crossed undulators and
a phase shifter, a circular polarization degree above 80%
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was achieved. This method provides a way to supply two-
color polarization-adjustable pulses to ring-based light
sources. The peak power density of the dipulse is approx-
imately 30 MW /cm?, which is much larger than that of the
synchrotron radiation background. Therefore, this
scheme is more applicable to experiments in which the
electric field threshold of the pump—probe system is larger
than the electric field produced by synchrotron radiation.

The disadvantage of this scheme is that different inter-
vals would result in different pulse durations, which is a
common problem for the single-bunch and single seed laser
chirp methods. Therefore, this scheme cannot be applied to
experiments that are sensitive to the pump-probe pulse
duration.

Although the simulation in this paper assumes a
diffraction-limited SR, this method is feasible for existing
third-generation SR light sources. The principal experi-
mental proof of this method is easy to implement in
existing SRs. We expect the proposed method to provide
stable two-color pulses at SR light sources for pump—probe
experiments in the near future.
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