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Abstract

ECHO-7 is a proof-of-principle echo-enabled harmonic
generation (EEHG) FEL experiment in the Next Linear
Collider Test Accelerator (NLCTA) at SLAC. The experi-
ment is intended to test the EEHG principle at low electron
beam energy, 120 MeV, and determine the sensitivities and
limitations to understand the expected performance at the
higher energy scales and harmonic numbers required for x-
ray FELs. In this paper we present the experimental results
from the commissioning run of the completed experimental
setup which started in April 2010.

INTRODUCTION

The remarkable up-frequency conversion efficiency of
the echo-enabled harmonic generation (EEHG) technique
[1, 2] has stimulated world-wide interest [3, 4, 5] in us-
ing EEHG to achieve fully coherent radiation in the x-ray
wavelength from a UV seed laser. Compared with the high-
gain harmonic generation (HGHG) [6] technique, EEHG
relaxes the requirements on laser power and beam slice en-
ergy spread, but requires more challenging control of the
phase space correlations as the beam goes through the un-
dulators and chicanes.

The echo-seeding experiment at SLAC (ECHO-7) is a
generic EEHG proof-of-principle experiment that uses two
different lasers (first laser has a wavelength of 795 nm and
the other at 1590 nm) to energy modulate the beam. The
first run of the experiment aims to generate the moderate
harmonic (3 ∼ 7) of the second laser, with a staged goal
to extend the harmonic number to around 20. Recently
the echo signals generated at the 3rd and 4th harmonic of
the second laser were observed and clearly differentiated
from those generated by the lasers individually [7]. Here
we present the results from the commissioning run of the
completed experimental setup which started in April 2010.

EXPERIMENT DESCRIPTION

The EEHG beamline is schematically shown in Fig. 1. It
consists of 3 chicanes (C0, C1, and C2) and 3 undulators
(U1, U2 and U3). The mini-chicane (C0) is used to gener-
ate an orbit bump to allow laser injection into the first un-
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dulator (U1). The beam is modulated by the 795 nm laser
in U1 and after passing through C1 separated energy bands
will be generated. The beam is again modulated by 1590
nm laser in the second undulator (U2) and finally the sepa-
rated energy bands are converted to separated current bands
after passage through C2. The density-modulated beam
will produce coherent radiation in U3 which is presently
tuned to 318 nm. The radiation generated in U3 is reflected
by a downstream OTR screen onto a transmission grating
spectrometer.

Figure 1: Schematic of the EEHG experiment at SLAC

The experiment required installation of an additional X-
band rf structure to boost the existing NLCTA 60 MeV
beam to 120 MeV and the fabrication of the three chicanes
and undulators. C0 was installed in October 2009 and C1
and C2 were installed in December 2009. A 75 cm long
X-band rf structure (X2), installed in December 2009, runs
at a gradient of 80 MV/m to boost the beam to 120 MeV.
U1 and U2 were installed in February 2010 and the whole
beam line was completed in April 2010 with the installation
of U3. Now the experiment is under commissioning, with
the initial goal of generating the 4th harmonic (ECHO-4)
of the second 1590 nm laser. Table 1 lists the operating
parameters for the ECHO-4 setup.

Beam-laser interaction is achieved by establishing spa-
tial and temporal overlap. The spatial overlap is achieved
by steering the laser to the same position as the beam on
the OTR screens upstream and downstream of the undula-
tors. The laser size is about twice that of the electron beam
to provide uniform modulation. The position jitter for the
electron and lasers are on the order of a few tens of microns
which is much smaller than the laser and electron beam
size. In order to make the beam temporally overlap with the
laser, the undulator radiation and the laser are first sent to a
fast photodiode (300 ps rise time). By looking at the signal
on a 2.5 GHz oscilloscope we were able to synchronize the
laser and electron beam within 30 ps by changing the laser
arrival time. More precise timing resolution is achieved by
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Table 1: ECHO-4 Operating Parameters

Beam energy 120 MeV
Bunch length 0.5-2 ps
Normalized emittance 8 mm-mrad
Bunch charge 20-40 pC
Laser wavelength in U1 795 nm
Laser wavelength in U2 1590 nm seed
Slice energy spread 1 keV
Np × λp for U1 10 × 3.3 cm K = 1.82
Np × λp for U2 10 × 5.5 cm K = 2.09
Np × λp for U3 10 × 5.5 cm K = 1.23
R56 for C1 and C2 1-9 mm
Peak energy modulation 10-40 keV
Radiation wavelength >318 nm

Np: number of undulator periods, λp: undulator period

using a fast scanning delay stage and measuring the coher-
ent radiation (CR) enhancement that is produced when the
beam is energy modulated by each modulator and further
bunched by the subsequent dispersive section.
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Figure 2: CR intensity vs laser timing. (a) beam is accel-
erated with on crest phase in X1; (b) beam is accelerated
with about 10 degrees off crest in X1.

Two representative results for the CR signal vs the 795
nm laser timing are shown in Fig. 2. The enhancement of
the COTR signal is only observed in a short time window
in which the laser interacts with the beam. The shape of
the time window depends on the electron and the laser dis-
tributions. In Fig. 2a the time window is about 1.5 ps and
the shape of the CR signal contains a leading peak and a
long tail. In Fig. 2b the time window is about 5 ps and the
distribution is more Gaussian. This is because in Fig. 2a
the beam is accelerated on crest in X1 and after passing
through C-1, the head of the beam is compressed and the
tail is decompressed, which results in a current distribution
that has a leading peak and a long tail. In Fig. 2b the beam
is accelerated about 10 degrees off crest so that a positive
energy chirp is developed in X1 and the beam is decom-
pressed by about a factor of 4 after C-1. Simulation shows
that when the beam is accelerated on crest in X1, due to
the nonlinear chirp and the large R56 of C-1, the beam will
have strong nonlinearities in the longitudinal phase space
after C-1 and the slice energy spread varies considerably
along the longitudinal direction. A more linear longitu-
dinal phase space and uniform slice energy spread can be

achieved by accelerating the beam off crest in X1. For the
results shown below the beam is accelerated at about 10
degrees off crest in X1 and is decompressed to about 2.5 ps
after C-1.

To detect the ECHO signal an optical spectrometer was
set up to measure the radiation generated in U3. The ra-
diation was reflected out of the beam pipe with an OTR
through a UV quartz vacuum window onto a transmission
grating of 300 lines per millimeter. A CCD camera with a
glass lens is positioned at the proper angle to capture the
dispersed light. To calibrate the spectrometer, band pass
filters at 395 mm and 531 nm, each with 11 nm bandwidth,
were remotely inserted while incoherent broad band undu-
lator radiation was present. The detector range was thus
determined to be between 350 and 600 nm.

COMMISSIONING RESULTS

Interaction of both lasers together was achieved in May
2010. Direct imaging of the U3 radiation indicated on over-
whelming HGHG contribution to the observed coherent en-
hancement when either or both lasers were interacting [8].
Within the observable bandwidth of the spectrometer both
EEHG and HGHG had the same harmonic content. Ta-
ble 2 lists some of the theoretically predicted harmonics for
both EEHG and HGHG in the 350-600 nm range. These
were observed for the HGHG case. We note for the EEHG
n = −1, m = 5 case at 530 nm, there is only 1590 nm har-
monic content. To confirm EEHG at 530 nm, it suffices to
remove the HGHG contribution. With 1590 nm interaction
only, the 530 and 397 nm HGHG signal is observed. By use
of a waveplate, the 1590 nm laser is attenuated to the point
that the HGHG signals are extinguished. This is shown in
Fig. 3a. The 1590 nm laser is then turned off and the 795
nm laser is turned on. Observation reveals the expected 397
nm signal (H2) with no contribution at 530 nm with only
the 795 nm laser on. This is shown in Fig. 3b. The atten-
uated 1590 nm laser is turned back on so that both lasers
are interacting. As shown in Fig. 3c, we observe a signal
at 530 nm (E0) which we believe to be due to EEHG for
n = −1, m = 5.

Table 2: Harmonic Content in 350-600 nm
795 harmonic 1590 harmonic U3 λ (nm)

HGHG n=2 397
HGHG m=3 530
HGHG m=4 397
EEHG n=-1 m=5 530
EEHG n=-1 m=6 397

To distinguish EEHG from HGHG in the observable
350-600 nm bandwidth we make use of a theoretical pre-
diction that spectra will shift differently for EEHG and
HGHG in response to a beam energy chirp h = dδ/dz. h
is a measure of the change in fractional energy δ along the
longitudinal dimension z. For HGHG, the spectra shift in
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Figure 3: Spectrum of the radiation at the exit of U3: (a)
only 1590 nm laser is on and attenuated; (b) only 795 nm
laser is on; (c) 795 nm laser and attenuated 1590 nm laser
are on.

terms of the initial wave number k0, is kH = k0C, with
a compression factor C = 1/(1 + hR56) [9]. In con-
trast, the EEHG spectra shift in terms of harmonic num-
bers n,m, initial wave numbers k1, k2 and both chicane
strengths R(1)

56 , R
(2)
56 is given by [10]

kE(h) =
nk1 + (1 + hR

(1)
56 )mk2

1 + h(R
(1)
56 +R

(2)
56 )

(1)

To verify this prediction, we adjusted the phase of X2 to
imprint considerable positive energy chirp on the electron
beam. As shown in Fig. 4a, due to the energy chirp and the
bunch decompression in C2, the 4th harmonic of the 1590
nm laser (H4) shifted from 397.5 nm to about 430 nm, and
the 3rd harmonic of the 1590 nm laser (H3) shifted from
530 nm to about 570 nm. Here the 1590 nm laser power
is increased to provide an energy modulation amplitude of
about 10 keV in the beam so that the harmonic radiation
generated by the 1590 nm laser alone can be clearly seen.
The radiation is measured downstream of U3, so the com-
pression factor for the modulation generated in U2 is given
by CU2 = (1 + hR

(1)
56 )/(1 + h(R

(1)
56 + R

(2)
56 )), where h

is the chirp at the entrance to chicane C1. The compres-
sion factor is CU2 = 0.9244 and the chirp is inferred to be
h = 33.4m−1.

The modulation generated in U1 will be decompressed
in both C1 and C2, with corresponding compression fac-
tor CU1 = 1/(1 + h(R

(1)
56 + R

(2)
56 )). With this chirp the

compression factor for the modulation induced by the 795
nm laser is found to be CU1 = 0.7937. Accordingly,
the wavelength for the 2nd harmonic of the 795 nm laser
(H2) should shift from 397.5 nm to 501 nm and was mea-
sured at about 499 nm, well within experimental resolution
(Fig. 4b).

When both lasers are turned on, 3 additional echo sig-
nals with different wavelengths E1, E2 and E3 are observed

Figure 4: Spectrum of the radiation at the exit of U3 when
beam has considerable energy chirp: (a) only 1590 nm laser
is on; (b) only 795 nm laser is on; (c) both lasers are on.
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Figure 5: Bunching at various wavelengths from simula-
tion.

(Fig. 4c). The simulated bunching factors for various wave-
lengths with this chirp are shown in Fig. 5. The beam typ-
ically has a slice energy spread of about 1 keV and was
decompressed by about a factor of 4 in chicane C-1. Conse-
quently, a slice energy spread of 0.25 keV is assumed in the
simulation. The energy modulation amplitudes in U1 and
U2 are assumed to be 21 and 10 keV, which is consistent
with the experimental values. With these specific param-
eters, simulation predicts that enhanced coherent radiation
at 8 wavelengths may be generated in our experiment.

Analysis shows that the echo signal E1 in Fig. 4 and
Fig. 5 is generated with the set n = −5,m = 4. It follows
from Eq. 1 for the given chirp the wavelength of E1 should
shift from 397.5 nm to 374 nm. Experimentally E1 was
found shifted to about 373 nm. Similarly the echo signal
E2 is found to be generated with the set n = −1,m = 6.
The wavelength of E2 should shift from 397.5 nm to 402
nm and was measured at 405 nm. E3 is generated with
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the set n = 1,m = 2. The wavelength of E3 should shift
from 530 nm to 462 nm and was measured at about 458 nm.
Considering the resolution of the spectromter and some un-
certainties of the beam chirp, the experimental results are
in good agreement with the EEHG theory.

It should be pointed out, however, that the simulated sig-
nals M1 (414 nm) and M2 (444 nm) are missing in our
experiment. From simulation we found that the strength
of the spectral lines are sensitive functions of modulation
amplitudes, which are not well known in the experiment;
this may account for the discrepancy. Nevertheless, all the
observed spectral lines in the experiment can be well ex-
plained with the EEHG theory.
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Figure 6: Radiation wavelength vs beam energy chirp for
the echo signal E2 (red), E3 (magenta) and that from the
795 nm laser alone H2 (blue). Straight lines are prediction
from HGHG and EEHG theory (Eq. 1).

To further benchmark the EEHG theory, the beam en-
ergy chirp is varied and the wavelengths of the harmonic
radiation for E2, E3, H2 and H4 are measured and shown
in Fig. 6 (the E1 signal, being close to the cut-off wave-
length of the spectrometer, was not observed in every shot,
and is not included in Fig. 6). The chirp factor is inferred
from the wavelength shift of H4. The blue dots are the
measured wavelength for the 2nd harmonic of the 795 nm
laser (H2) and the blue line is the theoretical prediction.
The red and magenta dots are the measured wavelength for
the echo signal E2 and E3, and the red and magenta lines
are the prediction in Eq. 1. The experimental results are in
good agreement with the theory. The results confirm that
the harmonic radiation wavelength generated by a single
laser scales as the compression factor and the sensitivity of
the echo signal to the beam chirp depends on n and m. In
seeded FELs, the beam energy chirp may be varied to allow
fine tunability in the output radiation spectrum.

It is worth mentioning that echo signals at even shorter
wavelength could be generated in this experiment setup as
well, however, the current diagnostics limit the measure-
ment to optical wavelengths because the transmission of

the spectrometer lens drops rapidly below 380 nm. Cur-
rently the spectrometer is being upgraded with a UV grade
lens to explore the EEHG technique in the shorter wave-
length range where the HGHG intensities should diminish.

CONCLUSIONS

We presented initial experimental results from the com-
missioning efforts for the echo seeding experiment ECHO-
7 at SLAC. These results clearly demonstrate that new har-
monics were generated from interaction of both lasers with
the beam. These new harmonics appear at the expected
wavelengths and shift with applied beam energy chirp as
predicted by EEHG theory. The good agreement between
the EEHG theory and our experimental results confirms the
physics behind this technique and paves the way for apply-
ing the EEHG technique to future seeded x-ray FELs.
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