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Operating the SDUV-FEL with the echo-enabled
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Abstract Using the recently proposed echo-enabled harmonic generation (EEHG) free-electron laser (FEL)
scheme, it is shown that operating the Shanghai deep ultraviolet FEL (SDUV-FEL) with single-stage to higher
harmonics is very promising, with higher frequency up-conversion efficiency, higher harmonic selectivity and
lower power requirement of the seed laser. The considerations on a proof-of-principle experiment and expected

performance in SDUV-FEL are given.
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1 Introduction

The free-electron laser (FEL) holds the promise
to generate a short, high intense radiation pulse at a
well-defined, tunable frequency. FELs can be opera-
ted in several different schemes. The most promising
ones are based on self-amplified spontaneous emis-
sion (SASE)™, and on high-gain harmonic genera-
tion (HGHG)® . A SASE source can produce very
high brilliant X-ray pulses, but with poor tempo-
ral coherence and high intrinsic shot-to-shot fluc-
tuations. In contrast, HGHG can deliver coherent
optical pulses with tailored temporal and spectral
profiles ¥, Several projects are currently under de-
velopment worldwide!® ™ with the aim of providing
users with new bright and coherent light sources in
the VUV and soft X-ray spectral regions. However
the frequency up-conversion efficiency is limited to
a small number due to the large energy modulation
required and shot noise degradation™ .
years, there has been a growing interest in improving

In recent

the up-frequency conversion efficiency, and a num-
ber of double modulator schemes are proposed!® ',
among which the echo enhanced harmonic generation
(EEHG) scheme!™? has unprecedented up-frequency
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conversion efficiency and allows for the generation
of ultrahigh harmonic with relatively smaller energy
modulation.

The Shanghai deep ultraviolet FEL (SDUV-FEL)
is an HGHG FEL user facility designed for gener-
ating coherent output with wavelength down to the
deep UV region®”. The SDUV-FEL is currently un-
der construction. It is found that SDUV-FEL is well
suited for the EEHG scheme with only minor modi-
fications. In this paper, operating the SDUV-FEL
with the EEHG is explored and the plan for proof-of-
principle experiments is described with the expected
performance outlined.

2 Principles of EEHG FEL

In contrast to the conventional HGHG FEL
scheme, the EEHG FEL scheme is composed of two
modulators, two dispersive sections (DS) and a radi-
ator, as shown in Fig. 1. The frequencies of the first
and second modulators can be different. The first dis-
persion section is chosen such that the energy mod-
ulation induced in the first modulator is macroscop-
ically smeared out. At the same time, this smearing
introduces a complicated fine structure into the phase
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space of the beam. The echo then occurs as a recoher-
ence effect caused by the mixing of the correlations
between the modulation in the second modulator and
the structures imprinted onto the phase space by the
combined effect of the first modulator and the first
dispersion section.
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Fig. 1. Scheme of EEHG FEL.

Assuming an initial Gaussian beam energy dis-
tribution with variance op, and using the variable
p=(F — Ey)/og, the initial distribution function of
the beam, normalized by unity, is

folp) = L exp (—p;), (1)

where N, is the number of particles per unit length.
After passing through the modulator and DS, we
have,

p'=p+ Asinkz, (2)
Z,:Z‘I—Rs@plO'E/EO ) (3)

and the beam distribution becomes,
f(¢p)= folp— Asin(¢ — Bp)), (4)
where A = AF/og, B = Rs¢kop/Ey, kK = w/c and

(=kz.

The final distribution function at the exit of the
second dispersion section can be easily found by ap-
plying two consecutive transformations described by

Eq. (2) and (3). The resulting final distribution func-
tion is,

N, 1
JGp) = Z=exp| =5 (p=Axsin(KC ~ K Bop+¢) -

Al SiIl(<~ — (Bl =+ Bg)p+

A, B, sin(K¢— K Byp+9)))° |, (5)

where now ( = k12, B, = R%)f-claE/Eo, B, =
Ré?/ﬁaE/Eo and K =Ky /K.

Integration of f over p gives the distribution of the
beam density N as a function of the coordinate. For a
practical case, with equal wavelength for both mod-
ulators, the bunching factor for the k-th harmonics
reads!”,

by = 2 Z eiM¢J_m—k(A1((m—|—k)Bl+kB2) %
Jm(kAng>e_%((m+k)B1+k52)2 . (6)

As an example, we show that the 24th harmonics of
the seed laser can be generated with small energy
modulation with dimensionless parameters: A; = 3,
Ay,=1, B; =26.8, B, =1.14.

The longitudinal phase space evolution in the
EEHG scheme is shown in Fig. 2.

The density modulation before entering the radi-
ator (i.e. (d) in Fig. 2) is shown in Fig. 3, with 24
peaks clearly shown.

¢2n

Fig. 2.
second modulator; and (d) after the second DS.

¢2n

Longitudinal phase space evolution: (a) after the first modulator; (b) after the first DS; (c) after the
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The bunching factor versus harmonic number
from Fig. 3 is shown in Fig. 4, which agrees well with
the prediction from Eq. (6).

2.0
1.8
1.6 [
o 14
g
=12 4
1.0 1 h u
0.8 —u
0.6 | | | | | | | | |
0 01 02 03 04 05 06 07 08 09 1.0
z/IA
Fig. 3. Density modulation in one period of the
seed laser.
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Fig. 4. Bunching factor vs. harmonic number.

In order to get more practical feelings of the
bunching factor sensitivity to the machine parame-
ters, we scan the DS parameters (B; and By). It is

shown, in Fig. 5, that the 24th bunching factor re-
mains within 10% deviation from 0.2 to 0.22 (relativ-
ity much higher than the conventional HGHG FEL
scheme) even with 1% B, and/or B, deviation.

by,

27.5 1.300
27.0 s 075 1.150 1.225
B, 26.01.000 - B,
Fig. 5. Bunching factor sensitivity versus DS

parameters.

3 SDUV-FEL with the EEHG scheme

With necessary modifications to the original
design®, it is possible to operate the SDUV-FEL
with the EEHG scheme, as shown in Fig. 6. Another
modulator is added. The original laser injection chi-
cane is redesigned to produce larger Rss. The seed
laser is split into two beams for the two modulators.
One more laser injection port is added near the linac
exit. In order to demonstrate well and characterize
the EEHG scheme in comparison with the conven-
tional HGHG scheme, it is determined to first opera-
te both schemes in the same harmonics, i.e., the 4th
harmonics of the seed laser.

dispersion section
Rs¢ max: ~5 mm

laser inj. chicane
Rs6 max: ~40 mm

‘ laser injection 1 J

to radiator

linac exit

laser injection 2

2 nd modulator
5 cm, gap flexible

Fig. 6.

The relevant machine parameters are listed in Ta-
ble 1.

4 Performance simulations

In the previous sections, the analysis is based on

simple one-dimensional models. However in prac-

1 st modulator
under design

Layout of the double modulator section of SDUV-FEL with the EEHG scheme.

‘ tice three-dimensional effects should be taken into

account, which includes coupling of transverse and
longitudinal degrees of freedom, finite laser spot size,
incoherent synchrotron radiation (ISR) and coherent
harmonic generation (CSR) in DS, and many oth-
ers. The expected performance under these circum-
ferences is evaluated with intensive simulations with
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elegant™ and Genesis!™. With the parameters listed

in Table 1, and the seed laser with peak power 2 MW
and a waist radius of 1 mm, the longitudinal phase
space after the two stages of energy modulation and
the density modulation process is shown in Fig. 7,
where the 4th harmonic pre-bunching before entering
the radiator is clearly displayed.

Table 1. Machine parameters for SDUV-FEL
with the EEHG scheme.

electron beam

beam energy/MeV 160
slice energy spread (rms)/keV 32
normalized emittance/mm-mrad 5
length (rms)/ps 2—3
seed laser 1

wavelength/nm 1047
pulse length/ps 8
peak power/MW 2
modulator 1

period length/cm 5
number of periods 10
K 2.49
dispersive section 1

total length/m 2
Rs6/mm 6.011
dispersive section 2

total length/m 1
Rs6/mm 1.316
radiator

period length/cm 2.5
length/segment,/m 1.5
number of segments 6
K 1.45

Note: The parameter of Seed Laser 2 is identical to Seed
Laser 1 and Modulator 2 is identical to Modulator 1

The FEL simulation is performed with the up-
graded code Genesis™® which consists of three parts
of runs. In the first run, the energy modulation from
the 1047 nm seed laser in the first modulator is sim-
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Fig. 8.
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ulated and the particle distribution is dumped at the
exit of Modulator 1. The particle distribution is im-
ported, transported through DS 1 and further sent
to Modulator 2 for the other energy modulation. At
the exit of Modulator 2, the particle distribution is
dumped again. Finally, the particle distribution is
re-imported for the third run and the undulator pe-
riod of the radiator is tuned to the 4th harmonic of
the seed laser, i.e. 262 nm. The significant enhance-
ment of SDUV-FEL with the EEHG scheme is clearly
seen in Fig. 8, where the peak power of the 4th har-
monic exceeds 100 MW and the power saturates very
quickly within 4 m. The large bunching factor favored
by EEHG is responsible for the initial steep quadratic
growth of power. Both advantages are attributed to
the initial bunching factor and small energy modula-
tion. In addition, the energy spread increasing is also
relatively small compared to the conventional HGHG
scheme. Similar phenomena and results are also re-
produced with Ginger'®

Time-dependent simulation is also performed with

and Simplex!™.

Genesis, and the radiation spectrum is shown in
Fig. 9.
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from elegant.
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Fig. 9. Radiation spectrum from SDUV-FEL
with the EEHG scheme.

5 Concluding remarks

The feasibility of operating SDUV-FEL with the
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not included in this study, which will be left for our
subsequent reports.
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