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Efficient harmonic microbunching in a 7th-order inverse-free-electron laser interaction
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We have shown that a seventh-order inverse-free-electron laser (IFEL) interaction, where the radiation
frequency is the seventh harmonic of the fundamental resonant frequency, can microbunch a beam of
relativistic electrons inside an undulator. Using coherent transition radiation (CTR) emitted by the
bunched 12.3 MeV beam as a diagnostic, strong microbunching of the beam is inferred from the
observation of CTR at the first, second, and third harmonics of the seed 10 wm radiation. Three-
dimensional IFEL simulations show that the observed harmonic ratios can be explained only if transverse
spatial distribution of the steepened bunched beam is taken into account.

DOI: 10.1103/PhysRevSTAB.12.050703

There is a growing interest in developing new light
sources in the x-ray range with improved spatial and spec-
tral coherence properties compared to the present-day
synchrotron radiation sources. Many proposals and several
ongoing national projects exist worldwide to build x-ray or
UV free-electron lasers (FELs) in which a high-brightness,
multi-GeV electron beam has a resonant interaction with
radiation in the presence of a periodic magnetic field of an
undulator [1]. Because of the practical limit on the size and
strength of undulator magnets, which all have periods in
the cm range, the electron beam energy on the GeV scale
represents one of the main constraints on the shortest
reachable wavelength. To circumvent this limitation, a
high-order FEL interaction has been proposed recently as
a way to reduce the required beam energy [2]. In addition
to FELs, inverse-free-electron laser (IFEL) acceleration
[3], longitudinal current modulation of an electron beam
(microbunching) [4], and creation of very short electron
bursts (femtoslicing) [5] are other applications, which can
potentially benefit from the high-order resonant beam-
radiation interaction in an undulator.

High-order FEL and IFEL interactions can be under-
stood by looking closely at the resonant condition on the
axis of a planar undulator:

A K2
n = (14 52), (1)
ny 2

where K, = eB,/mck, is the dimensionless undulator
parameter, A, is the radiation wavelength, vy is the electron
Lorentz factor, A, the undulator wavelength, n the har-
monic number, K, the undulator wave number, and B, the
undulator magnetic field [6]. A typical IFEL/FEL operates
at the fundamental frequency [n = 1 in Eq. (1)] providing
the highest possible efficiency of the interaction. However,
since the transverse velocity component of the electron
motion in the undulator becomes relativistic at K, = 1,
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resonance can also occur when the seed radiation fre-
quency is a multiple of the fundamental resonant frequency
[6]. In a collinear IFEL interaction in a planar undulator,
the electron beam then may exchange energy with a seed
radiation of wavelength A, satisfying the condition A, =
nA,, where n =3,5,7... (the high-order interactions).
Unlike an atomic resonance, the high-order IFEL reso-
nances for n = 7-11 according to simulations [7] can be
very efficient reaching an interaction strength of 50% of
that at the n = 1 case. If this efficiency is proved experi-
mentally, a high-order coupling with » = 3 can add an
important extra degree of freedom in designing systems
when the energy of the beam is too low to tune the
undulator at the n = 1 resonance or the laser source is
not available.

High-order IFEL interactions have been observed in
proof-of-principle experiments when an undulator was
seeded by 10 um [8] and 0.8 wm [9] radiation pulses at
a laser intensity of 2 X 10'* and 2.6 X 10'> W/cm?, re-
spectively. These studies have shown that high-order inter-
actions do occur by observing energy modulation of the
electrons whenever the beam energy, undulator parame-
ters, and laser wavelength satisfy the resonant condition.
On the other hand, microbunching of the beam inside the
undulator has not been demonstrated and questions of the
coupling efficiency and the applicability of the high-order
interactions in future FEL and IFEL schemes remain open.
Beam microbunching is induced by longitudinal motion
of the particle in the periodic ponderomotive potential with
a period of A, = A, formed by the interaction of the
radiation field with the undulator magnetic field.
Characterization of the electron microbunching in the un-
dulator yields directly a measure of the amplitude of the
ponderomotive potential and so of the strength of the
beam-radiation coupling [10,11]. A tightly microbunched
beam has a steepened wave form and therefore a significant
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harmonic content at A, /h, where h = 1, 2, 3, etc. is the
harmonic number. Observation of harmonic components in
the beam spectrum can then serve as a unique indicator of
the strength and the efficiency of the beam-radiation cou-
pling in the high-order (n = 3) IFEL/FEL interactions.

This paper demonstrates for the first time efficient beam-
radiation coupling in the 7th order IFEL interaction. Here
the undulator designed for a resonant wavelength of
74.2 pm is seeded by a CO, laser fulfilling the condition
10.6 X 7="74.2 pum [n =7 in Eq. (1)]. Using coherent
transition radiation (CTR) emitted by the bunched
12.3 MeV beam as a diagnostic, strong microbunching of
the beam is inferred from the observation of CTR at the
first, second, and third harmonics of the seed 10 um
radiation. Comparison between the measured ratios of
the second and third harmonic to the first harmonic in the
CTR spectrum and the 3D IFEL simulations uncovered
that an effective transverse beam size for each harmonic is
different and should be taken into account. Observation of
the steepened bunched beam at a laser intensity of
~10° W/cm? (3 orders of magnitude lower than in [9])
indicates that the high-order IFEL/FEL interactions have
an efficiency comparable to that for the n = 1 resonance
and useful for practical applications.

The schematic of the experiment, carried out at the
Neptune Laboratory at UCLA, is shown in Fig. 1. The
Neptune rf photoinjector [12] provides a ~12.3 MeV elec-
tron beam with a charge up to 500 pC, a normalized
emittance of 6 mmmrad, and a pulse length of 10 ps
(FWHM). The beam is injected into a 33 cm long planar
permanent magnet undulator with a period of 3.3 cm and
K, = 1.8. The beam is typically focused to a spot size of
~350 um (rms) at the exit plane of the undulator where an
insertable probe for a CTR screen is placed. The probe is
also used for spatial alignment and temporal synchroniza-
tion between the CO, laser and the electron beam. The
10.6 um CO, laser beam is focused to a spot size of
650 um (1/€?) in the middle of the undulator using a
2.5 m focal length NaCl lens. This F/100 focusing pro-
vides an almost constant laser field intensity over the entire
undulator length. A 100 ps long CO, laser pulse is used to
seed the undulator with a peak power up to 34 MW (2 X
10° W/cm?). The beams are aligned in the middle and at
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FIG. 1. (Color) A schematic of the experiment. ICT is an inte-
grating current transformer.

the exit of the undulator with a spatial accuracy of 100 um
and an angular alignment of better than 1 mrad. After the
undulator, the electron beam is sent to a high-resolution
spectrometer to measure the energy spread.

The microbunching diagnostic consists of a CTR screen
made of an 8 um thick Al foil, a movable mirror to
transport the forward emitted CTR outside the vacuum
chamber through a NaCl window, a focusing off-axis para-
bolic mirror, a set of broadband-pass filters (AA ~ 1 wm)
centered around the first (10.6 xm), the second (5.3 pwm),
and the third (3.5 pwm) harmonic wavelengths, and a liquid
nitrogen cooled mercury cadmium telluride (MCT) detec-
tor. Even though the light-tight CTR screen is used to dump
the pump laser beam, separation of the weak CTR compo-
nent from the strong stray 10 wm radiation is a critical
issue. Two main measures are undertaken: first, the CTR
foil screen is made larger than the undulator gap size and,
second, a 6 mm diaphragm is placed in front of the pickup
transport mirror limiting the field of view to the CTR
radiation only. Together, these measures provide a rejec-
tion of the pump by a factor of 5X 10° reducing the
leakage background to ~0.5 pJ. The signal-to-nose ratio
of 25 at 10.6 um, 3 (5 wm), and 1.6 (3.5 pm) are reached
in the experiment.

In order to inject the 10 ps electron beam at the very
maximum of the 100 ps long CO, laser pulse, the two must
be synchronized on a picosecond time scale. Electron-
beam-controlled transmission of 10 wm radiation in Ge
is utilized for the cross-correlation measurement to achieve
temporal synchronization [13]. Here the 10 wm pulse is
sent through a 2-mm thick Ge plate mounted on the same
insertable probe and the time dependence of the 10 um
transmission is recorded. A typical result of the cross-
correlation measurement is presented in Fig. 2(a). If the
electrons reach the Ge plate before the CO, laser pulse, the
10 wm pulse is fully attenuated by the free carriers gen-
erated by the electron beam. Then, as the electron beam is
delayed, the electron beam and the 10 pm pulse cross each
other resulting in an increase of transmission. This is seen
to be the case from 100 to 300 ps in Fig. 2(a). By taking the
derivative of curve fit of the data, an effective pulse length
for the CO, laser pulse is deduced to be ~106 ps (see the
dashed curve). When the Al foil probe is inserted instead of
the Ge plate and the beam energy is chosen to be 12.4 MeV,
we observe time dependence of the CTR signal at 10 um
shown in Fig. 2(b). The signal starts growing at 60 ps and
falls off to the background level at around 400 ps. This
slightly larger time window for the CTR signal in com-
parison with the cross-correlation width in Fig. 2(a) can be
attributed to a different laser intensity, / scaling of micro-
bunching: \/7 and I, respectively [14]. However, the CTR
output is clearly centered around 150-160 ps where there is
the maximum of the laser pulse in Fig. 2(a).

To prove the resonant character of interaction between
the laser and the electron beam, we record the 10-um CTR
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FIG. 2. (Color) The transmitted 10 pwm signal (a) and the CTR
signal (b) as a function of the delay between the laser pulse and
the electron bunch. The dashed curve is a derivative of curve fit
of the data and represents the CO, laser pulse profile.

signal for different energies of the electron beam and the
results are summarized in Fig. 3. For these data we record
the CTR signal, the laser power, and the electron beam
charge for each interaction event, and each data point
represents the mean value for 12 measurements with its
standard deviation. The CTR output peaks around
12.5 MeV, which within the absolute energy measurement
error agrees with the resonant energy for a 7th order IFEL
interaction obtained from Eq. (1). The measured accep-
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FIG. 3. (Color) Fundamental 10-um CTR signal (circles) and
the calculated normalized bunching factor (solid line) as a
function of the electron beam energy.

tance energy width (FWHM) is ~0.3 MeV as opposed to
the theoretical width of 0.2 MeV, deduced from the calcu-
lated bunching factor for different energies. The value of
total rms AE/E measured using the spectrometer (shown
in Fig. 1) with and without the undulator is ~90 keV
(0.7%) and is presented as an uncertainty for each energy
value in Fig. 3. Despite observation of a large CTR signal
indicating a strong microbunching, due to this total energy
spread we cannot measure energy modulation induced by
the IFEL interaction. This can be explained by the fact that
microbunching can occur whenever the local (slice) energy
spread is smaller than the IFEL ponderomotive potential
amplitude which in our case is estimated to be 50 keV.
Ultimately, this local energy spread is limited by a thermal,
uncorrelated energy spread which is less then 10 keV in the
case of a photoinjector. Thus, assuming that the electron
beam has a correlated energy spread (the difference be-
tween the beam head and the beam tail energy), micro-
bunching can occur for the whole beam when the central
beam energy corresponds to the resonant energy for the 7th
order IFEL interaction. Slight detuning of the central en-
ergy above (or below) the resonant value causes micro-
bunching of a portion of the beam and can explain the
broader measured width in Fig. 3.

Having established the optimal energy for the 7th order
IFEL interaction, we undertake a study of the harmonic
content of the bunched electron beam. The CTR process
and its application to longitudinal microbunching measure-
ments of a round, Gaussian electron beam has been exten-
sively studied [10,11]. For a given harmonic, the CTR
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energy emitted in the forward direction is given by

N?eb;, 401\
U= =t () () @
4/mo \hk;) \o,,

where N is the number of electrons in the bunch, b, =
1/N|Y ;e %] is the bunching factor for the Ath harmonic,
o, and o, are the rms transverse size of a round beam
(o, = 0y), and the longitudinal beam size, k; is the wave
number of the radiation at the seed wavelength, and z; is a
longitudinal position of particles.
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FIG. 4. Fundamental 10-um CTR signal as a function of
electron beam charge (a) and the transverse spot size o, on
the CTR screen at a fixed charge of 300 pC (b).

The most prominent characteristic of the CTR is its N2
scaling, which appears when the longitudinal electron
beam size is comparable or smaller than the radiated
wavelength. In Fig. 4(a) we present the CTR signal depen-
dence upon the beam charge in the range of 80 to 450 pC.
In the experiment we observe a clear nonlinear increase in
the 10 um CTR signal by a factor of 10. Note that this
signal increase is observed only when both the beam and
the undulator are present. However, the signal increase is
weaker than one anticipated from N? scaling. This is
mainly attributed to the worsening of the focusing ability
for high charge beams experiencing the higher space
charge force and slightly large emittance; therefore, the
CTR level will be significantly reduced due to the increase
in the beam size on the foil screen. Indeed, as shown in
Fig. 4(b), for a fixed charge of ~300 pC we measure a
factor of 3.2 decrease in the CTR level when the rms spot
size o, for the axisymmetric beam is increased from 220
to 300 uwm. The (1/0'x,y)4 scaling in Eq. (2) [see the solid
curve in Fig. 4(b)] predicts a decrease by a factor of 3.5.

Figure 5 shows the CTR energy measurements for the
first, U (Ayp = Ay), the second, U, (A, = A,/2), and the
third, U; (A, = A,/3) harmonic components as a func-
tion of the laser power for the electron beam charge of
~400 pC. Note that for all data points here the back-
ground, which is proportional to the laser power, is sub-
tracted. As seen in Fig. 5, at a low laser power of 3-19 MW
only the 10 um CTR signal is detected. It is important that
this seed laser power is comparable to that required for
microbunching using the same undulator at the fundamen-
tal resonance [3]. Higher laser power causes bunching at
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FIG. 5. (Color) CTR energy for the first (circles), second (tri-

angles), and third harmonics (squares) as a function of the CO,
laser power.
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the first harmonic to occur earlier in the undulator giving
rise to the second harmonic component for powers above
19 MW. A further increase in power speeds up the bunch-
ing process even more and for powers above 28 MW, the
beam at the exit of the undulator has a third harmonic
component. The measured ratios between the harmonic
energy for the bunched beam are U1/U2 = 17, U1/U3 =
70.

To compare these CTR measurements to a simulated
longitudinal phase space of the beam, the 3D code
TREDI is used to model the 7th order IFEL interaction
[15]. Figure 6(a) plots the longitudinal phase space distri-
bution of electrons at the exit of the undulator for a laser
power of 34 MW. It is apparent that the electrons are
bunched longitudinally on the 10.6 um scale and the
wave form is steeper than a sinusoidal one. Furthermore,
a color map in Fig. 6(a) indicates that there is a significant
transverse variation in bunching and particles on axis
(shown by dark blue color) are better bunched than the
particles off axis (green color). The laser beam size in the
experiment is approximately equal to the electron beam
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FIG. 6. (Color) TREDI simulations. Laser power 34 MW, o, =
380 wm. (a) The longitudinal phase space distribution of elec-
trons at the exit of the undulator and (b) normalized bunching
coefficients for the first, second, and third harmonics of the
bunched beam as a function of radius. The color code represents
the radial distance of electrons from the beam axis.

envelope size including the wiggling motion. In terms of
the IFEL interaction, this represents a case where the off-
axis particles see a smaller laser power and, therefore, are
bunched more weakly. Simulations in Fig. 6(b) show radial
distribution of the normalized bunching factor by, b,, and
b5 for the first, the second, and the third harmonic compo-
nents, respectively. The rms effective beam size in Fig. 6(b)
is 380 um for the first, 335 um for the second, and
295 pm for the third harmonics. This 3D effect signifi-
cantly affects the measured harmonic ratios in the CTR
spectrum. For the on-axis values of b; = 0.6, b, = 0.5,
and b3 = 0.45 and the above-mentioned o, Eq. (2)
predicts U1/U2 = 14 and U1/U3 = 53, which is in close
agreement with the measurements in Fig. 5.

In conclusion, this experiment has shown microbunch-
ing of the electrons at the 7th order resonance from an
IFEL. The electrons are efficiently bunched longitudinally
inside a ten period long undulator producing the first, the
second, and the third harmonics in a CTR spectrum. It is
shown that, in the case of approximately equal sizes of the
electron and the seed radiation beams, the IFEL interac-
tions result in transverse variation of bunching that signifi-
cantly affects the CTR harmonic content. Note that, in
practically all seeded IFEL/FELs, 3D effects in beam
matching may play a similar role and should be considered
in CTR analysis. With the inclusion of the high-order
IFEL/FEL interactions (n = 3) on equal footage with the
n = 1 case, a significant flexibility can be gained in design-
ing UV/x-ray FELs [2].
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