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Abstract

The experimental characterization of nonlinear harmonic generation (NHG) and electron beam microbunching at

saturation from a visible SASE FEL are presented in this report. The gain lengths, spectra and energies of NHG were

experimentally measured up to the third harmonic, and agree with theoretical predictions. Electron beam

microbunching in both the fundamental and the second harmonic as the function of the SASE output were

experimentally observed over the full range of SASE gain. The bunching factors for both the fundamental (b1) and

second harmonic (b2) were experimentally characterized at saturation. The microbunching data provides another test of

SASE saturation as well as correlating the NHG and electron beam microbunching modes to the fundamental SASE.

r 2003 Published by Elsevier Science B.V.
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1. Introduction

The motivation to obtain very short wavelength,
high brightness light sources has increased the
interest in X-ray FELs. These SASE (single pass)
FELs are designed to produce hard X-rays with
peak brilliances [1,2] that are several orders of
magnitude larger than current light sources. A
consequence from high fundamental gain in FELs

is the production of nonlinear harmonic radiation
(NHR) [3–5]. NHR can have significant power and
offers shorter wavelengths over the fundamental
radiation, thus extending the applications of these
future X-ray FEL facilities.

This report details the NHR and electron beam
microbunching measurements in a visible SASE
FEL. The second and third NHR have high power
and sharp spectra, making them another source of
quality radiation. Second NHR is unique to low
energy, planar undulator FELs like VISA, but the
studies presented here of the third NHR can be
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directly applied to future X-ray FELs; the LCLS
[1], for example could expect high power, narrow
bandwidth 5 (A NHR. The longitudinal micro-
bunching of the electron beam, integral the SASE
process, drives not only the fundamental radia-
tion, but also the NHR. The present measurements
correlate NHR to the fundamental radiation
through the electron beam microbunching struc-
ture at high FEL gain.

2. Experimental design

The experimental results presented here were
performed using the Visible to Infrared SASE
Amplifier (VISA) FEL at Brookhaven’s Accel-
erator Test Facility. An S-band photocathode RF
gun operating in the longitudinal emittance
compensation mode [6] produces a high brightness
electron beam that is accelerated to an energy of
70 MeV by two SLAC type linac sections [7]. A
quadrupole triplet provides the final matching of
the electron beam into the undulator. The novel
undulator is 4m long, has a 1.8 cm period with
built-in strong focusing quadrupoles. The combi-
nation of the high brightness electron beam and
unique undulator significantly enhance the FEL
performance (shorten the gain length), which is
crucial to reducing the size of this [8] and other
single pass devices. Table 1 shows the VISA FEL
design parameters, and another publication [9]
details the measured electron beam dynamics.

Eight diagnostic pop-in ports are spaced along
the 4-m undulator with an additional diagnostic
station 30 cm downstream of the undulator.

Energy vs. distance measurements for the three
lowest SASE modes were made along the second
half of the undulator. The electron beam micro-
bunching was measured in the post undulator
diagnostic station using CTR [10,11]. Employing a
unique foil and mirror set-up [12], simultaneous
capture of both the microbunching and SASE
energy per FEL micropulse was possible.

3. Experimental results

NHR and harmonic microbunching in an FEL
occur just before and at peak performance of the
fundamental mode. Fig. 1 shows data of the
evolution of the nonlinear harmonic spectra for
different FEL gain.

Another publication [5] compares the spectra of
these nonlinear modes to the fundamental at
saturation. At low gain the radiation for both
nonlinear modes is just developing, and the spectra
broad. As nonlinear gain increases, spectral
narrowing continues until a sharp peak at each
mode is reached. The VISA SASE FEL couples
strongly to the second and third NHR, where the
spectra sharpen with increasing harmonic number,
n; the FWHM for the fundamental [5], second and
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Table 1

VISA FEL design parameters

Wavelength (fundamental) l 800 nm

E-beam energy, E 72Mev

Peak current, I 200A

Emittance, e 2 mm-mrad

Power gain length, L 17.5 cm

Spot size, s 60 mm
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Fig. 1. NHR SASE FEL spectra at various FEL gain for the second (a) and third (b) modes. The spectrometer resolution is about

1 nm.
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third NHR are 15, 6 and 3 nm, respectively. The
third NHR spectra at large SASE gain demon-
strates that high quality NHR can be obtained in
SASE FELs, a result applicable to future short
wavelength devices.

Compared to the harmonic radiation produced
in FELs [3,4], NHR has shorter gain lengths and
higher energies. The signature of the NHR gain
length, Lgn; is Lg;n ¼ Lg;1=n; where Lg;1 is the
fundamental SASE gain length. Fig. 2 [5] shows
the energy vs. distance data on a semi-log plot
along the length of the undulator for the three
lowest modes. The fundamental radiation deviates
from the exponential, an indication of SASE
saturation. For the second and third harmonic
modes, the transition into the nonlinear regime is
clearly established at 3.25 and 3.75 m, respectively,
and the gain lengths confirm nonlinear harmonic
theory: Lg;1 ¼ 19:0 cm, Lg;2 ¼ 9:8 cm and
Lg;3 ¼ 6:0 cm.

Table 2 compares the energy for the three FEL
modes at the end of the undulator. An analytical
relationship between the energies of the second,
E2; and third, E3; modes is given by [4],

E2EE3
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where Kn are the coupling coefficients, g is the
electron beam energy, ku is the undulator wave
number, K is the undulator parameter, bn are the
bunching parameters and sx is the transverse spot
size. Coupling to the even harmonic is enhanced in
low g; planar undulator FELs because of the
inverse relationship between mode energy and
electron beam energy. The design of the VISA
FEL causes the second harmonic energy to exceed
the third, E2 ¼ 1:6E3; giving a unique window to
further test nonlinear harmonic theory. The third
NHR has about 1% of the fundamental as
expected and coupled to the sharp spectra
measured in Fig. 1, this FEL produces about
1 MW of spectrally narrow UV radiation for an
85 mm pulse length [9]. Extending these results to
future X-ray FELs, the LCLS, for example, could
obtain 0.1 GW of third NHR.

Microbunching in the electron beam drives both
the SASE and NHR. To estimate the microbunch-
ing factors, a CTR foil assembly was used. The
total CTR energy is given by [11]
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where N is the number of electrons in the bunch,
sx;y;z are the transverse (x; y) and longitudinal (z)
beams sizes, respectively, kr is the fundamental
wave number of the microbunching, n is the
harmonic number, and bn is the microbunching
factor for the nth harmonic. By measuring the
amount of CTR energy emitted, Eq. (2) can be
used to estimate the depth of the SASE induced
electron beam modulation. Fig. 3 compares the
optical transition radiation (OTR) emitted to the
CTR, which contains the microbunching informa-
tion, when the electron beam strikes an aluminium
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Fig. 2. Measured Energy vs. distance for the fundamental (a),

second (b) and third (c) nonlinear harmonics along the second

half of the 4-m undulator. The transfer from the linear from

nonlinear regime is seen at 3.25 and 3.75m for the second and

third harmonics, respectively. The gain lengths are 19, 9.8 and

6.0 cm, respectively.

Table 2

Measured harmonic energy for fundamental, second and third

harmonics

Mode

(n)

Wavelength

(nm)

Energy

(mJ)

% of fundamental

energy

1 845 52 —

2 425 0.93 1.8

3 280 0.4 0.77
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foil. As expected, the CTR is emitted in a much
narrower cone than the OTR and to capture just
the CTR, two bandpass filters, giving an attenua-
tion of 106 outside the bandpass, were placed in
front of the detector.

Fig. 4 [12] shows the second harmonic CTR vs.
SASE for each micropulse over the full range of
FEL gain. Similar to the fundamental micro-
bunching, the second nonlinear harmonic micro-
bunching stops growing at the time when the
fundamental radiation approaches saturation (see
Fig. 2). The FEL gain process depends on the
electrons becoming more densely packed over the
radiation wavelength, and as the FEL goes into
saturation an oscillator exchange of energy occurs
between the electron beam and radiation field.
Using Eq. (2), the peak fundamental microbunch-
ing (at 845 nm) factor measured at the monitor
was b1 ¼ 0:50 (data not shown). Simulations using
GENESIS [13], which include the post undulator

drift to the foil, predict a bunching factor of b1 ¼
0:52; which agrees closely to the measurement. Fig.
4 shows the data for the second nonlinear
harmonic microbunching (at 425 nm) vs. SASE
where a bunching factor at the diagnostic station
of b2 ¼ 0:13 is obtained from the data and Eq. (2).
GENESIS simulations predict b2 ¼ 0:2:

Because the fundamental SASE mode drives the
higher harmonics, the second microbunching
mode depends more strongly on the SASE than
does the fundamental microbunching. The second
harmonic microbunching is in less agreement with
prediction than the fundamental. The discrepancy
between predicted and measured second harmonic
microbunching may be due to a variety of factors,
such as the uncertainty in the de-bunching, to
which higher harmonics are more sensitive. Also,
the assumption of a Gaussian electron beam
longitudinal distribution may also have contrib-
uted since the bunch shape may display some non-
Gaussian structure [9].

4. Conclusion

These results are a comprehensive verification of
the nonlinear harmonic generation process in
SASE FELs. The three lowest modes of radiation
were characterized and compare nicely to non-
linear theory with a slight discrepancy for the
second harmonic microbunching. The driving
mechanism of radiation in FELs is the micro-
bunching. The fundamental and harmonic micro-
bunching were characterized and at saturation, the
FEL shows strong microbunching with periods of
845 and 425 nm. The correlation between the
NHR, microbunching and fundamental SASE
mode has been experimentally established.
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Fig. 3. OTR and CTR for the VISA electron beam after exiting

the undulator.
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Fig. 4. Measured second harmonic CTR vs. SASE. Beam is

longitudinally microbunched at a period of 425 nm.
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