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Cascading stages of high-gain harmonic generation (HGHG) free electron laser (FEL) is a promising way to produce fully coher-
ent X-ray radiation. As a test facility for modern FEL R&D, the Shanghai deep ultraviolet FEL (SDUV-FEL) is now under up-
grading for the cascading two stages of HGHG experiment. Since the energy of the electron beam is as low as about 185 MeV
after upgrade, the total harmonic number of this two stages HGHG is only 2x2, and the wavelength of the final radiation is 196.5
nm which is the 4th harmonic of the 786 nm seed laser. With help of three-dimensional simulation codes, design studies on the
FEL physics for the cascaded HGHG experiment are present based on the parameters of the upgraded SDUV-FEL facility. It is
found from the simulation results that the part of the electron beam which has been used in the first stage can still generate pow-
erful radiation in the radiator of the second stage, and this radiation will be difficult to be separated from the radiation generated
by the fresh part of the electron beam. To overcome this problem, a novel method based on the energy spectrum of the electron

beam is proposed in this paper to demonstrate the “fresh bunch” technique.

cascaded HGHG, FEL experiment, start-to-end simulation, fresh bunch, energy spectrum

Citation:
10.1007/s11434-012-5379-5

Feng C, Zhang M, Lin G Q, et al. Design study for the cascaded HGHG experiment based on the SDUV-FEL. Chin Sci Bull, 2012, 57: 3423-3429, doi:

Free electron lasers (FELs) hold great promise to produce
coherent short wavelength radiation with high brightness
and ultra-fast time structures which will enable scientists in
physics, chemistry, biology and medicine to study nature
down to the molecular and atomic level at a time-scale that
fits this resolution. Because of its unique performance, FEL
is complement to the 3rd generation light source like the
Shanghai Synchrotron Radiation Facility (SSRF) [1]. Self-
amplified spontaneous emission (SASE) [2,3] and seeded
harmonic generation schemes [4—7] are two leading candi-
dates for approaching deep ultraviolet (DUV) to X-ray
region. The SASE process produces short wavelength radia-
tion with high peak power and an excellent spatial mode. As
the SASE FEL starts from electron beam shot noise, the
output radiation typically has poor temporal coherence and

*Corresponding author (email: zhaozt@sinap.ac.cn)

© The Author(s) 2012. This article is published with open access at Springerlink.com

large power fluctuations. An alternative way for generation
of fully coherent short wavelength radiation is using the
high-gain harmonic generation (HGHG) scheme [4,5].
HGHG consists of two undulators separated by a chicane.
The electron beam is first energy modulated by a seed laser
in the first short undulator (modulator) and then sent
through a chicane (dispersion section) which converts the
energy modulation into a density modulation. The density
modulated beam is then sent through the second long undu-
lator (radiator) to generate powerful radiation at the high
harmonic of the seed frequency. The output property of the
HGHG is a direct map of the seed laser’s attributes which
can have a high degree of temporal coherence and much
smaller energy fluctuations than SASE. These theoretical
predictions have been demonstrated in the HGHG experi-
ments [8-10]. However, significant bunching at higher
harmonics would degrade the quality of the electron beam
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by increasing the beam energy spread in the modulator,
which would result in a degradation of the amplification
process in the radiator [11]. The need to limit the growth of
the energy spread prevents the possibility of reaching short
wavelength in a single stage HGHG. For this reason, the
cascading stages of HGHG scheme [12] have been proposed.
The FEL generated by intermediate radiator can be used as
the seed laser for the following stage with the help of the
“fresh bunch” technique. Analyses within the framework of
idealized models promisingly indicate that cascading sever-
al stages of HGHG can produce fully coherent soft X-rays.
The cascaded HGHG scheme seems an attractive way for
the soft X-ray light source. Several laboratories, including
BESSY [13], ELETRRA [9] and SINAP [10,14], proposed
the development of deep ultraviolet or soft X-ray FEL based
on the cascaded HGHG principle. Among them SDUV has
already started installation of a cascaded HGHG FEL sys-
tem.

The SDUV-FEL is a seeded FEL test facility designed
for generating coherent radiation with wavelength down to
the ultraviolet region. The design and the relevant R&Ds of
this facility have been under way since 2000 [15], and the
two-stage cascading HGHG scheme on the basis of this
facility has been proposed several years ago [16]. Recently,
the HGHG and EEHG experiments have been successfully
carried out [10]. The next goal of this facility is to demon-
strate the principle of the cascaded HGHG scheme, includ-
ing the “fresh bunch” technique. With help of the analytical
estimates and the 3D codes, design studies for the cascaded
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HGHG scheme based on the upgraded SDUV FEL are pre-
sent in this paper. It is found in the simulation results that
the disturbed part of the electron beam which has been used
in the first stage still holds the capability to generate pow-
erful radiation in the beginning of the radiator in the second
stage, and it is hard to separate it from the radiation gener-
ated by the fresh part of the electron beam when the exper-
imental condition of the second stage has not been opti-
mized. This will be a general problem for the commission-
ing of all the cascaded HGHG facilities in the future. To
overcome this problem, a novel method based on the energy
spectrum of the electron beam is proposed to demonstrate
the “fresh bunch” technique.

1 Cascading two stages of HGHG based on
SDUV-FEL

The layout of the upgraded SDUV-FEL is schematically
shown in Figure 1. The upgrade is based on the existing
facility. The energy of the electron beam has be enhanced
from 140 MeV to about 200 MeV when there is no bunch
compression, and the operation beam energy will be about
185 MeV when the beam is compressed by a factor of about
2. The linac commissioning has been done after upgrade.
Figure 2 shows the measurement results of some main pa-
rameters. The energy and energy spread of the electron
beam are inferred by measuring the beam central position
and beam size on the optical transition radiation (OTR)
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Figure 1 Schematic layout of the upgraded SDUV-FEL. M, modulator; DS, dispersive section; R, radiator.
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Figure 2 Linac commissioning results. (a) Beam energy and energy spread is measured by the beam energy spectrometer; (b) the normalized emittance is

measured with the quadrupole scan technique.
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screen downstream a bending magnet. From Figure 2 (a) it
is found that the beam energy is over 190 MeV after com-
pression and the project energy spread is 1.41x107. The
normalized emittance of the electron beam is measured with
the quadrupole scan technique using the quadrupole triplet
and an OTR screen, the normalized emittance is measured
to be 1.83 mm mrad when the bunch charge is about 300
pC.

Besides the linac upgrade, new elements have been add-
ed in the undulator system for the cascaded HGHG experi-
ment, including one radiator (R1) in the first stage, one
modulator (M2) and one dispersion section (DS2) in the
second stage and one shifter between two stages. Main pa-
rameters of this upgraded scheme are listed in Table 1. The
first stage HGHG expects to generate 393 nm radiation
from the 786 nm seed laser. The FWHM length of the seed
laser pulse is about 130 fs which is much shorter than the
electron bunch length after compression. So only a small
part of the electron beam is modulated in M1 and generates
coherent radiation in R1. This radiation will be shifted to a
fresh part of the electron by the shifter and serves as the
seed laser for the second stage. A short undulator (M2) with
the type of the R1 is employed as the modulator and a small
chicane (DS2) is used as the dispersion section in the se-
cond stage. Finally, the 196.5 nm radiation will be generat-
ed by the fresh bunch in R2.

2 Theoretical optimization of cascaded HGHG

In comparison with the SASE, cascaded HGHG is a multi-
dimensional parameter scheme. The design and optimiza-
tion of SDUV-FEL cascaded HGHG are achieved using the
one dimensional (1D) HGHG theories given by Yu [4].
According to the HGHG theories, the power of the seed
laser and the DS strength are crucial to the HGHG process.
A large seed laser power is necessary for sufficient en-
ergy modulation, but at the same time it acts as an addition-
al energy spread that degrades the quality of the electron

Table 1 Machine parameters of the upgraded SDUV-FEL”

Stage 1 Stage 2
7 (FWHM) 130 fs ~130 fs
Seed laser
A (nm) 786 393
A (mm) 50 40
Modulator Bpear (T) 0-1.1 0-0.9
L,, (m) 0.5 0.64
Dispersion section Rs¢ (mm) 0-10 0-10
Ay, (mm) 40 25
Radiator By (T) 0-0.9 0.6
L, (m) 4 10

a) E=120-200 MeV, I,=100 A, £=1.8 mm mrad, o,/y = 0.03%, 1-2 ps
rms length
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beam. When the total energy spread is too large, the ampli-
fication process of the FEL will be saturated. The seed laser
of the second stage is produced by the first stage, so how to
choose the power of the initial seed laser will be very im-
portant. The density modulation of the electron beam can be
measured by the bunching factor, which has a maximum
value of unity. The bunching factor of nth harmonic at the
entrance of the gain section can be given by [5]
e,

b, =J,(DAy)e > ()
where J, is the nth order first class Bessel function, D=
ksRs¢/y is a dimensionless parameter related to the dispersive
strength of the DS, k; is the wave number of the seed laser,
Rs¢ is the dispersive strength, y is the reduced beam energy,
o, is the local energy spread of the electron beam and Ay is
the energy modulation amplitude induced by the seed laser
which is in proportion to the extraction of the seed laser
power Pgeeq.

Ay=kaa,ll[J] /Y, ()

Z P
a = 0 sccdz -, 3)
nk Z,(mc” /e)

where a; and a,,, are the dimensionless (rms) vector poten-
tials from the seed laser and magnetic field of the modulator,
respectively. [,, is the length of the modulator, [JJ]; is the
polarization modification factor for a linearly polarized
planar undulator, Z;=377 Q is the vacuum impedance and
Zyg is the Rayleigh length of the seed laser. To get sufficient
bunching factor, nDo,<1 should be satisfied first; If one
wants the nth Bessel function to reach its first and absolute
maximum, the requirement is nDAy = n+1, which means
that the energy modulation amplitude should be n times
larger than the initial local energy spread. The radiation
power can be roughly estimated using the 1D theory of
HGHG by

_(Za, W) L;)
coh 47[22}/2 >
3.71
P~ prhez/% , 4)

2
I
P o~16p Ll
e

where P, is the coherent radiation power in the first two
gain lengths of the second undulator, which is proportional
to the square of the bunching factor. a,, is the dimensionless
parameter of the radiator, I is the beam current, X is the
transverse beam area, p is the pierce parameter, L; =

A / (4\/575,0) is the gain length in the radiator and 1, is

the period length of the radiator. The saturation length in the
radiator can be easily deduced by eq. (4):
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P,
L, ~L, {m [P—hj + 2}. )

Figure 3 shows the theoretical results of the saturation
lengths as a function of the seed laser power for both two
stages using eq. (5). It is found that the saturation length of
the second stage will not change much when the power of
the initial seed laser is larger than 10 MW for our experi-
mental condition. Thus, the power of the seed laser is cho-
sen to be 10 MW for the first stage.

3 Start-to-end simulation results

On the basis of the parameters shown in Table 1, start-to-
end tracking of the electron beam, including all components
in Figure 1 has been carried out. The electron beam dynam-
ics in photo-injector was simulated with ASTRA [17] to
take into account of space-charge effects. ELEGENT [18]
was used for the simulation in the remainder of the linac,
while tracking in the undulators was performed with
GENESIS [19]. The slice parameters at the exit of the linac
are summarized in Figure 4. The beam energy in the central
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Figure 3 Saturation lengths of the first stage (dashed line) and the second
stages (solid line) as a function of the seed laser power in the first stage.
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part of the electron beam is around 185 MeV and the peak
current is about 95 A. A constant profile is maintained in
the approximately 1 ps wide and over 80 A region which
will be used in the HGHG cascade. The project energy
spread of 1.2x107° are predicted from the beam energy
curve. A normalized emittance of approximately 1.6 mm
mrad and slice energy spread of about 2.5x107 are ob-
served in Figure 4(b). These simulation results are fit well
with the measurement results shown in Figure 2.

The FEL performance of our cascading scheme was sim-
ulated by GENESIS based on the output of ELEGENT. A
786 nm seed pulse with longitudinal Gaussian profile, 10
MW peak power and 130 fs pulse length is adopted as the
seed laser of the first stage. To obtain realistic simulation
results, the whole electron beam was tracked through the
first stage to the second stage HGHG. The simulation re-
sults are illustrated in Figure 5. The electron beam is well
bunched at the exit of the DS in the first stage. The maximal
bunching factor at 2nd harmonic of the seed laser is over 0.4
(Figure 5(a)). The first stage HGHG generates 393 nm radi-
ation pulse with the output peak power of about 20 MW.
The length of the seed laser pulse is maintained. For the
second stage, the 2nd harmonic bunching factor of the fresh
bunch is around 0.4 (Figure 5(b)). The radiation generated
by the fresh part saturates after 4 m with a peak power of 13
MW. One can find in Figure 4(d) that there are two 196 nm
radiation pulses at saturation. The higher one is generated
by the fresh part of the electron beam, and the lower one,
about 20% of the higher pulse energy, is generated by the
disturbed part of the electron beam which has been strongly
bunched in the radiator of the first stage. It is found in eq. (4)
that the coherent electron-density modulation, which also
has the Fourier components at the harmonics of the radia-
tion generated by the first stage, will still hold the ability for
generating powerful coherent harmonic radiation in the first
two gain length of the radiator in the second stage. It is
necessary to change the strength of the shifter to distinguish
the 4th harmonic signal produced by the fresh part from that
produced by the disturbed part: the final radiation will be
produced only by the disturbed part when the shifter is off,
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Figure 4 Simulated parameters at the exit of the linac (a) beam energy and current distribution along the electron beam; (b) slice energy spread and slice

emittance distribution along the electron beam.



Feng C,etal.  Chin Sci Bull

0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10

0.05 (a) 1

2000

500 1000

S (pm)

1500

x10°8

500 1000

s (pm)

1500 2000

0.8

06

P4) (a.u.)

0.4

0.2

(e)
405

395
J (nm)

385 390 400

September (2012) Vol.57 No.26 3427

0.45
0401
035
030
02571
0201
01571
01071
0051

0

B,

(b)
2000

i

0 500 1000

s (pm)

1500

x107

4071
357}
3.0¢r
251
2.0}
15}
1.0
05¢

P (W)

(d)
2000

500 1000

S (um)

1500

1.0

0.8

0.6

P (i) (a.u)

0.4

0.2

U}

0

194 195 196 197

A (nm)

198 199

Figure 5 FEL performance in two stages. (a) 2nd harmonic bunching factor distribution along the electron beam at the entrance of the radiator in the first

stage; (b) 2nd harmonic bunching factor distribution along the electron beam

at the entrance of the radiator in the second stage; (c) output radiation pulse of

the first stage; (d) output radiation pulse of the second stage; (e) spectrum of the radiation generated by the first stage; (f) spectrum of the radiation generated

by the second stage.

and final radiation will be significantly enhanced when the
radiation form the first stage is shifted to a fresh part of the
electron beam. The temporal coherence of the final radia-
tion is degraded by the radiation pulse produced by the dis-
turbed part as shown in Figure 4(f).

The energy of the radiation pulse produced by the dis-
turbed part in R2 can be depressed by shifting the disturbed
part to a low-current region of the electron beam. This can
be achieved by shifting the initial seed laser pulse to the tail
part of the electron beam in M1. The radiation power gen-
erated by the first stage HGHG will also decrease at the
same time. We shifted the seed laser pulse by about 800 um
where the beam current is around 30 A. The simulation re-
sults are shown in Figure 6. The output power of the first
stage decreases to about 3 MW, which is still sufficient for
the energy modulation in the second stage. It is found in
Figure 6(b) that only a single pulse is generated by the se-
cond stage. The coherence of the final radiation is also im-
proved.

4 Demonstration of the ‘“fresh bunch” tech-
nique

Although the radiation generated by the disturbed part of
the electron beam in the radiator of the second stage can be
depressed by properly choosing the parameters in the simu-
lation, it will be quite difficult to find this condition during
the experiment. An alternate way to intuitively demonstrate
the principle of the fresh bunch technique is characterization
of the energy modulation along the electron bunch. As the
part of the electron bunch which has been used for the FEL
generation is energy modulated by both the seed laser and
the radiation, the energy spread of these parts will be much
larger than other parts of the electron beam. Chirping such
energy modulated bunch, one would get the peak-to-trough-
to-peak structures in the energy spectrum, corresponding to
variations of the beam energy along the electron bunch.

As Figure 1 shows, there are 4 accelerating tanks and 3
energy spectrometers in our facility. Following ‘“zero-
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phasing” method, accelerating cavity imparts energy chirp
in the bunch, without changing average beam energy. If
initially there is no correlation between energy and time,
energy spectrum of the chirped bunch (CBE spectrum) ex-
actly represents longitudinal density distribution [20]. The
energy spectrum can be scaled in the units of time in the
beam rest frame. We adjusted the phase of S4 to imprint
considerable positive energy chirp on the electron beam in
the simulation. The phase space and energy spectrum of the
electron beam at exit of the accelerator is shown in Figure 7.
From Figure 7(a), it is found that the energy chirp in the
electron beam is nearly linear, and the project energy spread
is increased to about 2%. After a horizontal dispersive re-
gion, one can get the energy spectrum of the electron beam
as Figure 7(b) shows.

Figure 8 shows the longitudinal phase space evolution in
the two stages. After the radiator of the first stage, the beam
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energy of the modulated part is disturbed (Figure 8(a)), the
energy of the electrons in this part is changed slightly to a
higher or lower value, which will results in a valley and two
peaks in the energy spectrum. The electron beam will be
separated into two parts on the YAG target after the dipole,
as Figure 8(b) shows. After passing through the radiator of
the second stage, the fresh part is also disturbed by interact-
ing with the powerful radiation (Figure 8(c)), and the elec-
tron will be separated into three parts (Figure 8(d)), which
clearly demonstrates the fresh bunch technique.

5 Conclusions

We present design studies of cascaded HGHG experiment
based on the upgraded SDUV-FEL. The results show that
the proof-of-principle experiments of cascaded HGHG can
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Figure 7 Phase space (a) and energy spectrum (b) of the electron beam at the exit of the accelerator.



Feng C,etal.  Chin Sci Bull
370
368
366
364
362
360
358 ¢
356

1500 2000 2500

z (um)

0 500 1000 3000
370 |
368 |
366 |
364 |
362 |
360 |
358 | ]

356 | .
0 500

© |

1500 2000 2500 3000

Z (um)

1000

September (2012) Vol.57 No.26

3429

4500
4000
3500
3000
2500
2000
1500
1000
500

356 358 360 362 364
¥y

366 368

356 358 360 362 364 366 368

]
i

Figure 8 Phase space (a) and energy spectrum (b) of the electron beam at the exit of the first stage; phase space (c¢) and energy spectrum (d) of the electron

beam at the exit of the second stage.

be carried out at our facility with an additional stage of
HGHG. The radiation of the cascaded HGHG at 196.5 nm
will reach saturation in the second stage. From the simula-
tion results, it is also found that the micro-bunching gener-
ated by the first stage will still have the capability to release
powerful radiation in the beginning of the radiator in the
second stage, and it is hard to separate it from the radiation
generated by the fresh part of the electron beam. To over-
come this problem, a novel method based on the energy
spectrum of the electron beam is proposed to demonstrate
the fresh bunch technique. Simulation results indicate that
this method have a high resolution and will be easy to be
carried out.
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