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Abstract The echo-enabled harmonic generation (EEHG) scheme offers remarkable efficiency for generating

high harmonic microbunching with a relatively small energy modulation. A proof of principle experiment of the
EEHG scheme has been proposed at the Shanghai deep ultraviolet (SDUV) free electron laser (FEL) facility,
where the 4th harmonic of the seed laser is amplified in the 9 m long radiator. To explore the advantages of the

EEHG scheme, in this paper, a method of measuring the coherent high harmonic radiation of the radiator is

proposed to investigate the electron beam microbunching corresponding to the 10th—20th harmonics of the seed

laser. The principle of the proposed method, comparisons with existing methods and the simulation results

are presented and discussed.
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1 Introduction

On the way to compact and fully temporal coher-
ent radiation sources in the short-wavelength spec-
tral region, in the free electron laser (FEL) commu-
nity, several double modulator schemes [1-4] are pro-
posed to improve the frequency up-conversion effi-
ciency of the standard high gain harmonic generation
(HGHG) FEL. Among them, the echo-enabled har-
monic generation (EEHG) scheme exhibits unprece-
dented frequency up-conversion efficiency and allows
for the generation of ultra-high harmonics with rel-
atively small energy modulation. It is found that
the Shanghai deep ultraviolet (SDUV) [5] FEL is
well suited to the EEHG scheme with only minor
modifications. Thus, a proof-of-principle experiment
of the EEHG scheme has been proposed at SDUV-
FEL [6].

The current layout of the double modulator sec-
tion of SDUV-FEL is illustrated in Fig. 1. The orig-
inal laser injection chicane is redesigned to produce
larger Rs¢ and one more laser injection port is added
near the linac exit. The 1048 nm seed laser is split
into two beams for the two modulators. Since the
beam energy is 160 MeV and the existing 9 m long ra-
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diator is designed to be resonant at the 4th harmonic
of the 1048 nm seed laser pulse, it is determined to
first operate the EEHG scheme at the 4th harmonics
of the seed laser. Thus the radiation with a 262 nm
wavelength is planned to be amplified in the radiator.

However, the most attractive feature of the EEHG
scheme is the efficient generation of high harmonic mi-
crobunching with relatively small energy modulation.
Intensive studies [7] indicate that for the 4th har-
monic generation in SDUV-FEL, the EEHG scheme
results in similar performance when compared with
other double modulator schemes [1, 2], which is a
little bit better than that of the standard HGHG
scheme. Thus, in order to explore the promising abil-
ity of the EEHG technique at high order harmonics,
the characterization of high harmonic microbunching
in the EEHG scheme has recently been under consid-
eration.

Rss max: 40 mm Rss max: 5 mm

1st modulator radiator

65 mm, flexible gap

2nd modulator
50 mm, flexible gap

Fig. 1. The double modulator section of SDUV-FEL.

* Supported by Shanghai Natural Science Foundation (09JC1416900)

1) E-mail: denghaixiao@sinap.ac.cn

©2010 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute
of Modern Physics of the Chinese Academy of Sciences and IOP Publishing Ltd



1650 Chinese Physics C (HEP & NP)

Vol. 34

Since there is no available resonant radiator for
high harmonics of the seed laser, these high harmon-
ics cannot be amplified to saturation in SDUV-FEL.
It seems that high harmonic microbunching can only
be measured at the exit of the second chicane by
some longitudinal diagnoses, i.e., coherent transition
radiation (CTR) and coherent synchrotron radiation
(CSR), etc. In this paper, a novel method based on
coherent harmonic radiation (CHR) in the radiator is
proposed to picture the high harmonic microbunch-
ing of the electron beam in the EEHG operation of
SDUV-FEL. It shows that the CHR-based method
is more convenient and robust when compared with
the conventional CTR-based one. We first briefly de-
scribe the principle of the CHR-based measurement in
Section 2. Then, on the basis of SDUV-FEL parame-
ters, the simulation performance of the CHR is illus-
trated in Section 3. Preliminary concepts on the ex-
traction and measurement of the CHR are discussed
in Section 4. Finally, we present our conclusions in
Section 5.

2 Principles and comparisons of CTR
and CHR

One of the most popular longitudinal beam diag-
noses is the CTR-based method, which relies on the
fact that the coherent radiation spectrum emitted by
the electron beam as it passes a transition foil is essen-
tially the Fourier transform of the longitudinal beam
distribution. This has been widely used in diagnosing
macrobunches at the picosecond level [8; 9]. In re-
cent years, the CTR-based method was dramatically
driven by FEL applications. It has been successfully
used to measure the electron beam microbunching in
FEL [10-12] and inverse FEL processes [13-15]. If
the microbunched beam is taken to be
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where N, is the number of electrons in the bunch,
0.4, are the transverse (x, y) and longitudinal (z)
beam sizes, respectively, k. is the radiation wave num-
ber (and thus the beam modulation wave number), n
is the harmonic number and b, is the microbunch-
ing factor for the ntt
the microbunching period in the beam’s rest frame
is much smaller than the transverse beam size, i.e.,
k.o, ,/v>1, which is indeed the case for a FEL, the

harmonic. If one assumes that

nth harmonic CTR energy emitted when the electron
beam strikes a conducting surface can be given as [10]

873/2¢, nk, o3ol

where « is the fine structure constant, h is the Planck
constant, ¢ is the speed of light in vacuum and ~ is
the mean electron beam energy in unit of mgyc?. It
is noted that higher charge intensities, higher mi-
crobunching and smaller beam size would enhance
CTR production.

High harmonics of the undulator radiation are re-
garded as a natural extension to short wavelengths
[16-18], and of great interest. According to the well-
known FEL physics, harmonic evolution in an undu-
lator can be written as

S )=, @)

4ymyc?

where m is the harmonic order of undulator radia-
tion, E,, is the slowly varying envelope of the radia-
tion field, e is the charge of a single electron, K is the
dimensionless undulator parameter and [JJ],, is the
polarization factor for planar undulator.

In the EEHG scheme, by adjusting the seed laser
and the dispersion of chicanes, the electron beam den-
sity can be efficiently modulated on arbitrary har-
monics of the seed laser. In other words, the EEHG
scheme performs significant microbunching for the se-
lected harmonic, while other harmonics still preserve
the noise level. Thus, if the longitudinal density mod-
ulation of the electron beam is optimized at the 12th
or 20th harmonic of the seed laser in the EEHG oper-
ation, i.e. the 3rd or 5th order harmonic of the planar
radiator in SDUV-FEL, strong CHR signals would be
observed at the beginning of the radiator. For a mi-
crobunched electron beam as Eq. (1) in the EEHG
operation of SDUV-FEL, the CHR power of the mth
harmonic radiation of the radiator reads

J'Em(rﬂzdzr  Zo(IKb, [T T]l)?

Pm = =
27, 121(02 +02)y?

(4)

And the CHR energy of the mth harmonic radiation
yields
Zo(IKb,,[JJ|ml)%0.
U,=
Sm(o2+02)v%c

; (5)

where [ is the peak current of the electron beam and
[ is the passed radiator length.

Since SDUV-FEL employs 2 pop-in monitors in
each radiator segment for beam and laser diagnoses,
this strong CHR can be reflected by the pop-in mir-
ror for further measurement. In comparison with the
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CTR based characterization for high harmonic mi-
crobunching in the EEHG operation of SDUV-FEL,
the following prospects arise from the CHR-based
method.

1) The radiation energy of CHR is much larger
than that of CTR, which is helpful in improving the
sensitivity of high harmonic microbunching measure-
ments. Here we consider the 3rd harmonic radiation
of the radiator as an example, i.e., n=12 and m=3.
We assume an electron beam with transverse beam
size of 0,,=200 pm, beam charge of 0.75 nC and
longitudinal beam size of ¢,=300 um. After the den-
sity modulation by the 1048 nm seed pulse, the cor-
responding electron beam microbunching b, is 0.10.
Then with a radiator length of /=0.1 m, according
to Egs. (2) and (3), the estimated 87.3 nm radiation
energy from CTR and CHR is about 130 fJ and 4
nJ, respectively. Therefore, the radiation energy from
CHR is 3x10* times the CTR.

2) The spectrum of CHR is much purer than that
of CTR. The radiation spectrum of CHR, only appears
at the first several harmonics of the radiator radia-
tion and dominates in the interested harmonic. In
our case, the maximum signal is the 3rd harmonic of
the radiator, and the main noise source is the funda-
mental of the radiator, i.e., 262 nm radiation, where
b4=0.003 will exhibit a radiation energy of 40 pJ. In
contrast, CTR has a broad spectrum, especially at
each harmonic of the seed laser.
correlation of 1/n?®, the fundamental and the lower
harmonics have much larger radiation energy with
respect to the concerned 12th harmonic of the seed
laser. This means that, in the diagnosis, the radia-
tion source from CHR has a better signal noise ratio
than that of CTR.

Since there is a

3 Simulation results

In this section, we numerically investigate the
CHR in the EEHG operation of SDUV-FEL. The
FEL simulation is performed with GENESIS [19],
which has been widely used in the simulations of
many FEL projects around the world. The simula-
tion consists of three runs. In the first run, the en-
ergy modulation from the 1048 nm seed laser in Mod-
ulator 1 is simulated and the particle distribution is
dumped at the exit of Modulator 1. The macropar-
ticles are imported, transported through DS 1 and
further sent to Modulator 2 for the second energy
modulation. At the exit of Modulator 2, the particle
distribution is dumped again. Finally, the macropar-
ticles are re-imported for the third run, where the ra-

diator is tuned to the 4th harmonic of the seed laser,
i.e. 262 nm.

Table 1. Parameters of SDUV-FEL with the
EEHG scheme.

parameters value
electron beam energy 160 MeV
peak current 0.3 kA
normalized emittance 6 um-rad
local energy spread 1x10—4
seed laser wavelength 1048 nm
seed laser duration 10 ps
seed laser waist 0.7 mm
seed laser 1 power 5 MW
seed laser 2 power 2 MW
Rgé) 7.0 mm
R 0.6 mm
modulator 1 period length 65 mm
modulator 1 periods 10
modulator 2 period length 50 mm
modulator 2 periods 10
radiator period length 25 mm
radiator parameter K 1.45

We consider the 12th harmonic of the 1048 nm
seed laser, i.e., 87.3 nm. With the parameters listed in
Table 1, the longitudinal beam density modulation is
optimized at the 12th harmonic of the seed laser when
entering the radiator. The bunching factor versus the
harmonic number is shown in Fig. 2, where b,,=0.10
is clearly displayed. Meanwhile, ;=0.07 and b, =
0.003 are observed.
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Fig. 2.
monic number.

The bunching factor versus the har-

The 3rd harmonic energy of the radiator radiation
is clearly enhanced by the EEHG operation in SDUV-
FEL. As seen in Fig. 3, the large microbunching fac-
tor favored by the EEHG scheme is responsible for
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the initial significant growth of the 87.3 nm radiation 107°
energy. Finally, at the radiator position of the ex-
tracting point, the 3rd 87.3 nm CHR energy exceeds
7.5 nJ while the 5th CHR 52.4 nm radiation energy is
- -9
0.2 nJ, which is basically consistent with the analyt- B 10
ical results presented in the previous section. How- g
ever, the fundamental radiation reaches the energy of £
2.4 nJ, which is much larger than the theoretical esti- é 110
mate. This phenomenon is due to the complex trans-
verse distribution of the electron beam microbunch- —e— 23231‘““
ing, which was not taken into account in Egs. (3)—(5) B 524 22
but in numerical simulations. If the transverse fea- 101! . , )
tures of the electron beam microbunching are consid- 0 0.025 0.050 0.075 0.100
ered, Eq. (4) will be rewritten as radiator length/m
Py o J|I(T)bm (r)[?d?r. (6) | Fig. 3. The growth of the CHR energy in the radiator.
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Transverse distributions of the CHR in the radiator.
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The simulation results of the radial distribution
of the electron beam microbunching are shown in
Fig. 4. For the interested 3rd harmonic of the ra-
diator radiation, most of the electrons at different
radial positions are modulated on the same pattern,
which presents a similar angle of the electron beam
microbunching. For the 1st harmonic of the radia-
tor radiation, the electron beam shows the opposite
bunching angle along the radial position and results
in a much lower global microbunching than the local
microbunching. Under such circumstances, the fun-
damental radiation emits much more energy than the
theoretical estimation given by Eq. (5).

In order to clearly visualize what we have dis-
cussed above, the spatial distributions of the 3rd and
1st CHR are plotted in Fig. 5, where different trans-
verse coherence of the 3rd and 1st harmonic strongly
supports our statement. It reminds us that an appro-
priate observation aperture will be helpful in enhanc-
ing the signal to noise ratio in real experiments.

Figure 6 shows the radiation spectrum of the CHR
at the first pop-in monitor in the SDUV-FEL radia-
tor. The spectral characters of the CHR discussed
above are confirmed. Thus, the radiator is utilized as
a radiation amplifier and spectrum filter in the CHR-
based method.

4

counts(arb. unit)
[38)

. . 4
0 4 8 12 16 20 24
harmonic order of the seed laser

Fig. 6. The radiation spectrum at the extracting point.

4 Proposed measurement of CHR

The CHR can be reflected by the first pop-in mir-
ror in the radiator, and sent to the further detectors.
Since the 3rd harmonic 87.3 nm radiation and the 5th
harmonic 52.4 nm radiation have already stepped into
the vacuum ultraviolet spectral region, an in-vacuum
system is designed to measure the CHR signal.

As shown in Fig. 7, the extracted output radia-
tion is split into two parts. We attempt to measure

the radiation energy and the radiation spectrum of
the CHR. Since the energy of the interested high har-
monic of the seed laser is about 7.5 nJ and dominant
in the extracted radiation, a commercially available
photodiode detector responding from the infrared to
the X-ray spectral region can be used to measure the
radiation energy of the interested CHR. The second
part of the extracted radiation beam enters in a spec-
trometer, formed by one sphere grating and charge
couple device (CCD), where the radiation spectrum
of the CHR is obtained by a single shot method.
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Fig. 7. The in-vacuum diagnostic system for CHR.

5 Conclusions

In this paper, a method to characterize high har-
monic microbunching of the electron beam in the
EEHG operation of SDUV-FEL is proposed, which is
on the basis of the coherent high harmonic radiation
in the existing radiator. In comparison with the con-
ventional CTR-based method, the CHR in the radia-
tor produces extremely strong radiation energy and a
pure radiation spectrum. It is very helpful in improv-
ing the resolution and sensitivity of the diagnoses. A
three dimensional simulation for the 12th CHR of the
1048 nm seed laser was carried out to illustrate the
principle of the CHR-based method. After density
modulation, the electron bunch enters the radiator
with 6,=0.003 and b,,=0.10, then the radiation with
Uys=2.4 nJ and U,,=7.5 nJ are modeled at the radia-
tor position of the first pop-in system. An alternative
case for the 20th CHR of the seed laser has also been
studied, where the double modulator section param-
eters are chosen to optimize the density modulation
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of the electron beam at the 5th harmonic of the radi-
ator resonant frequency. Then the CHR with energy
of Uy=2.3nJ, U;,=0.6 nJ and Uyy=1.4 nJ is modeled.

In this proposal, the radiation is directly sent to
the further detectors. In order to upgrade the perfor-
mance, silicon plated mirror [20, 21] can be adopted
as the harmonic separator of the 3rd and 5th har-
monic radiation from the fundamental in the radia-
tor. This separator can absorb most of the energy
of the fundamental radiation by virtue of Brewster
incidence at a special angle, while it can reflect the
harmonics due to its small refractive index for XUV
light. Moreover, the CHR intensity can be further en-
hanced by passing more radiator periods, and it can

be detected at the second pop-in system in the radi-
ator or even after one segment of radiator.

Generally, the CHR-based method is only appli-
cable to the harmonics of the radiator resonant fre-
quency. It is the 12th and 20th harmonic of the seed
laser in the SDUV-FEL case. However, by using a
harmonic operation technique [22], it can be extended
to the 10th, 11th, 13th and so on. Moreover, the
CHR-based approach is also applicable to the EEHG
operation of the Shanghai soft X-ray FEL [23] case, in
which the microbunching of the 30th harmonic of the
270 nm seed laser pulse can be characterized by the
5th harmonic radiation from the 1st stage radiator
resonant at 45 nm.
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