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We report the production of optically spaced attosecond electron microbunches produced by the inverse
free-electron-laser (IFEL) process. The IFEL is driven by a Ti:sapphire laser synchronized with the
electron beam. The IFEL is followed by a magnetic chicane that converts the energy modulation into the
longitudinal microbunch structure. The microbunch train is characterized by observing coherent optical
transition radiation (COTR) at multiple harmonics of the bunching. Experimental results are compared
with 1D analytic theory showing good agreement. Estimates of the bunching factors are given and
correspond to a microbunch length of 410 attosec FWHM. The formation of stable attosecond electron
pulse trains marks an important step towards direct laser acceleration.
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I. INTRODUCTION

The continued development of short pulse, high peak
intensity lasers has led to great interest in their application
to particle acceleration. Recently, such lasers have suc-
ceeded in producing semimonoenergetic electron beams
from plasma wakefield interactions [1–3]. These experi-
ments relied on very large terawatt class systems and
accelerated indirectly by inducing a ‘‘bubble’’-shaped
wake in a plasma and accelerating a beam of trapped
plasma electrons. Lasers have also been used for direct
acceleration between laser and electrons via inverse free-
electron-laser (IFEL) interactions [4,5], Inverse Cherenkov
acceleration [6], and inverse transition radiation [7]. These
experiments also relied on high power, low repetition rate
lasers for acceleration. The transverse dimensions were
much larger than the accelerating wavelength, leading to
low coupling efficiency [8].

An altogether different approach to laser acceleration we
are pursuing confines the electrons and laser in an optical
scale accelerating structure. While the peak electric fields
will still allow for a considerable accelerating gradient,
approaching 1 GeV=m [9], the small dimensions mean the
total pulse energy needed will be very low, just �J=pulse,
and the coupling efficiency will be much greater. There
exists a great deal of active research in optical scale
structures, driven in large part by the telecommunications
industry, including photonic band gap fibers [10] and litho-
graphic optical components. Furthermore, while the laser
system used in this experiment does not have impressive
energy efficiency, there are great advances being made in

improving the efficiencies of ultrafast laser sources in the
near-infrared [11].

To investigate near-field infrared laser acceleration, an
IFEL microbuncher has been designed and tested at
800 nm. Future net acceleration experiments will require
longitudinally narrow bunches to achieve small energy
spreads in downstream accelerators. Thus, examining the
microbunches directly becomes important. IFEL produc-
tion of microbunches has been demonstrated at 800 nm
previously in a high-gain harmonic-generation (HGHG)
experiment [12]. In that experiment, the study focused on
the resulting radiation output, in large part ignoring char-
acterization of the microbunches. Microbunches have also
been produced and accelerated at 10:6 �m [4]. The re-
search reported in this paper marks an important first step
in developing near-field IR laser accelerators where toler-
ances will be an order of magnitude tighter.

The microbuncher used in this experiment is comprised
of a magnetic undulator in which the electron energy is
modulated by an IFEL interaction and a dispersive chicane
that converts the energy modulation into a density modu-
lation. The IFEL alone has been demonstrated previously
in an experiment exploring various harmonics of the IFEL
interaction [13]. The IFEL interaction plus chicane pro-
duces a train of few hundred attosecond pulses spaced at
the laser period (2.3 fs). Although microbunched electron
beams have been well studied from FELs, producing them
via an IFEL has the considerable added experimental
difficulty of aligning the preexisting laser beam to the
electrons. However, using an IFEL allows optical phase
control of the microbunches, a requirement for net accel-
eration in a two-stage experiment. It also substantially
reduces the length of the undulator required to form the
microbunches.*cmsears@slac.stanford.edu
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II. MICROBUNCH FORMATION AND
MEASUREMENT WITH COTR

The interaction in the IFEL imparts a sinusoidal energy
modulation along the electron beam, that is � �
�0 � � sin�klz0�, where � is the amplitude of the modula-
tion and kl is the laser wave number. Since the undulator in
this experiment is very short, the change in a particle’s
position within the beam during the IFEL interaction is
negligible. Following the undulator, the chicane imparts an
energy dependent path length change dz � R56���
�0�=�0, where R56 is the temporal dispersion of the chi-
cane. The R56 of the chicane is found by integrating the
Lorentz equations and is given by

 R56 �
L

�2 �

�
q
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�
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Here, L is the distance from the undulator to the radiator
where the microbunches are measured and By is the chi-
cane magnetic field. The first term in the expression comes
from velocity bunching which gives a small but non-
negligible contribution to the total R56 (about 5%). The
chicane dispersion skews the longitudinal phase space
forming a density modulation with strong harmonic con-
tent. This density modulation ��z� can be expressed as a
Fourier series whose coefficients are Bessel functions de-
pending on the amount of dispersion (R56) and the modu-
lation from the IFEL [14,15] by
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�0 is the initial charge density entering the IFEL, and �� is
the initial electron energy spread. The exponential term in
the expansion coefficients defines the washout of the
bunching due to the initial energy spread. The bunching
is optimized for klR56�=�0 � 1–1:5 depending on the
harmonic number n. For fixed klR56�=�0 � 1, the expo-
nential term can be written as exp��0:5n2���=��2�. Thus,
when �� > � the washout due to the energy spread be-
comes significant. Other effects can cause microbunch
washout including electron beam divergence [14] and
space charge [16]. However, in this experiment these ef-
fects are not significant due to the relatively mild focusing
(�� ’ 2� 10�4 radians) and low charge (	 1 pC).

To verify the existence of the microbunches, the electron
beam is sent through a foil to produce coherent optical
transition radiation (COTR). The total intensity of transi-
tion radiation is given by [17,18]

 

dItot
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1

Q

Z
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Ising is the transition radiation due to a single electron [19]
and f is the structure function equal to the Fourier trans-
form of the charge distribution. The transform of the
longitudinal density modulation [Eq. (2)] produces a set
of frequencies at harmonics of the laser used to bunch the
electron beam and the structure function becomes

 f � ��!� � 2
X1
n�1

bn��!� nklc�: (6)

Equation (6) can be further refined by including in the
bunch density the longitudinal beam envelope of �z 	
0:3 mm. The longitudinal envelope changes the
�-functions to Gaussians with a bandwidth given by
�2

0=�2	�z� ’ 0:3 nm, much narrower than the spectral
acceptance of the detectors used in the experiment.

Over the range of frequencies of interest, the transition
radiation of a single particle has no frequency dependence.
Thus, the only frequency dependence in the coherent tran-
sition radiation is due to the microbunching itself. In this
way, measuring the COTR is a direct measurement of the
microbunch structure. That is, the total radiated energy at
each harmonic is proportional to the square of the bunching
coefficients:

 ICOTR;n / �Jn�nklR56���2 exp
�
�

�nklR56��
�0

�
2
�
: (7)

In characterizing the microbunches, the goal of the
experiment is to verify the applicability of Eq. (7) through
the dependence of COTR yield on the chicane strength, the
R56, as well as the modulation strength �. Direct compari-
son of the experimental results to the analytic theory is
complicated by several issues, most appreciably the non-
uniformity of the laser field, both transversely and in time.
In the real experiment there is not a constant modulation �
for every electron in the bunch. As a result, certain portions
of the electron beam will optimally bunch at different
values of R56 and will similarly radiate most strongly at
different values. Nevertheless, we expect the averaged
COTR yield to maintain the functional dependence shown
in Eq. (7).

III. THE EXPERIMENT

This research was conducted at the NLCTA facility at
SLAC, a 60 MeV X-band accelerator that was recently
upgraded with an S-band photoinjector for laser accelera-
tion research. The NLCTA beam line includes a chicane for
energy collimation. Using the energy collimation, the ac-
celerator produces 1 pC, 	1 ps pulses with 
 0:05%
energy spread. The laser system used to produce UV for
the photoinjector also provides IR pulses for laser accel-
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eration research. This setup gives the timing stability nec-
essary for the experiments [20].

Table I gives a list of experimental parameters including
electron, laser, and magnet values. The electrons enter a
separate experimental hall via a 25� dogleg bend. The laser
for the IFEL is introduced at an optical window at the
second dogleg bend. Both beams are focused going into the
experimental chamber housing the undulator, chicane, and
the COTR radiator as well as several diagnostic screens
(see Fig. 1). Two Ce:YAG screens are attached fore and aft
of the undulator to aid in overlapping the laser and electron
beam, while a third screen is used to minimize the electron
beam spot size at the radiator. A Cherenkov radiator is also
located in the experimental chamber for obtaining
picosecond-class timing of the laser to electron beam using
a streak camera. After the experimental chamber the elec-
trons enter a 90� imaging energy spectrometer with 5 keV
resolution. The COTR radiator is located at the object point
of the energy spectrometer coinciding with the minimum
electron spot size. This gives optimal resolution at the
spectrometer and prevents the induced scatter from the
foil from affecting the measured energy spectrum. To avoid
damaging the COTR radiator and to reduce background
due to the laser, a tungsten beamstop is inserted in the
middle of the chicane to intercept the laser after it is used
for the IFEL.

The radiator consists of two pellicle mirrors separated
by 15 mm, one normal to the electron beam and a second at
45� to send the light to a pair of photomultiplier tubes
(PMTs). Thus, the radiator actually produces two bursts of
COTR, one from each pellicle surface. The light collecting
optics spatially and spectrally integrate any interference
pattern (acceptance angle 	100 mrad and spectral

bandwidth � 40 nm). A lens images the first pellicle
onto an iris which is closed down to limit the field of
view to only that pellicle. This helps reduce background
signal on the 800 nm PMT due to scattered light from the
laser in the experiment chamber. The COTR light is then
split using a dichroic mirror to reflect the second harmonic
to one PMT and transmit the fundamental to the second.
Each PMT also has a bandpass filter (bandwidth of 40 nm)
attached to select only the given harmonic and also help
protect against ambient light. Finally, a polarizing filter is
placed in front of the 800 nm PMT to further reduce
background due to the laser.

Data are taken in sets of 500– 4000 electron-laser inter-
action events at 10 Hz. A fast, movable retroreflector is
used to vary the delay between the electron beam and laser
before each event. For each event an image of the electron
beam at the energy spectrometer is acquired along with
numerous diagnostics including the COTR PMTs and di-
odes for the laser. From the energy profiles, the energy
spread is extracted and plotted against the delay for each
event forming a cross-correlation scatter plot (Fig. 2).
When the electron beam and laser are in time the IFEL
modulates the electron beam energy and the COTR signal
is strongest.

The cross correlation is an important technique for this
experiment, especially for the COTR signal. The fact that
the signals from the PMTs are strongest when the laser and
electron beam are in-time excludes other processes as
background including harmonic generation from the laser
hitting surfaces in the chamber, incoherent transition ra-
diation, bremsstrahlung, or undulator radiation, all of
which would occur regardless of relative timing between
the two beams.

TABLE I. Experimental parameters for attosecond bunch train
production. All widths are given as FWHM.

Parameter Value

Electron energy 60 MeV
Electron energy spread 30 keV (typical)
Electron energy jitter 6 keV
Electron pulse length 0.8 psa (typical)
Electron timing jitter <0:2 psa

Electron spot size 100 �m (nominal)
Electron transverse jitter (x and y) 25 �m
Bunch charge 1 pC (nominal)
Laser wavelength 785 nm
Laser energy 0:65 mJ=pulse
Laser pulse length 0.55 ps
Laser spot size 200 �m
Undulator period 1.8 cm
Number of periods 3
Undulator strength (aw) 0.46
Chicane R56 0.04–0.16 mm

aEstimated from the laser interaction data.

dichroic
R400, T800

polarizing filter
800nm bandpass

400nm bandpass

IFEL

Chicane

Tungsten
Laser Block

Ce:YAG
alignment 
screens

PMT

PMT

spectrometer
COTR
radiator

Cherenkov cell

iris

FIG. 1. (Color) Layout of the microbunching experiment. An
IFEL and chicane form microbunches that then pass through a
pellicle mirror. The beam emits transition radiation at harmonics
of the IFEL drive laser. The transition radiation is collected and
split to two PMT detectors observing the first and second
harmonics of the bunching. An electron energy spectrometer is
used for monitoring the strength of the IFEL interaction and
correlating to transition radiation intensity.
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IV. RESULTS

Figure 2 depicts an example data set showing the cross-
correlation scatter plots of the energy spread as well as the
fundamental and second harmonic COTR signals. Notice
that when the delay is set for laser-electron temporal over-
lap, all events show interaction. This indicates that the
timing jitter is less than the electron and laser pulse widths.
The temporal width of the slopes on the cross correlation
give an upper bound on the jitter of 0.2 ps. In this particular
electron beam configuration there is a smaller electron
pulse behind the main pulse. The COTR signals show the
same characteristic structure to the electron beam. The
fundamental COTR signal has a large offset between
laser-on and laser-off events indicating there is still signifi-
cant bleed-through of laser light to the detector. This bleed-
through also contributes significantly to the noise on the
signal.

Deconvolution of the laser temporal profile from the
electron energy modulation (Fig. 2, bottom right) estimates
the main electron pulse temporal length of 0.8 ps FWHM.
The laser temporal profile, obtained from autocorrelation,
is 0.55 ps. The IFEL modulation is given by the difference
in quadrature of the total energy spread and the initial

energy spread (�IFEL �
��������������������������
�2

TOT � �
2
init

q
). The energy

modulation cross correlation is binned as a function of
delay and deconvolved from the laser field profile using a
genetic algorithm [21]. The deconvolution is performed
several times, reseeding with an energy modulation spec-
trum that is varied using the variances of the binned data.

Figure 3 shows a plot of COTR output versus the IFEL
modulation strength. Here, the raw COTR signals have

been inverted, rescaled, and the baseline signal (with no
IFEL interaction) subtracted. The only cut applied to the
data is on the delay timing to select events near the inter-
action overlap.

Also shown in Fig. 3 together with the data for each
harmonic is the analytic form [Eq. (7)] using the known
value of R56 � 0:13 mm and taking � � 0:5 �M � 1:3,
where M is the measured IFEL modulation FWHM. For
a constant modulation across the entire electron beam, we
would have � � 0:5 �M (recall � is the amplitude of a
sinusoidal modulation). However, since the measured M is
an average across the entire electron beam including elec-
trons not modulated (either out-of-time or off-axis trans-
versely), we expect the radiating portion of the electron
beam to have a larger modulation �. Allowing � as a fit
parameter and minimizing 
2 we obtain � � 0:65 �M.
The fit of the analytic form to the data shows very good
agreement with 
2 � 1:02 for the fundamental data and

2 � 1:03 for the second harmonic. For this fit the variance
for each data point is calculated from the deviation of the
nearest neighbors in IFEL modulation. With the COTR
signals plotted in this way the difference in the two har-
monics is clear. The second harmonic does not begin to
appear strongly until much larger values of the IFEL
modulation. This can be directly related to the differing
Bessel function dependence in Eq. (7).

In addition to the modulation strength, �, the COTR
output varies strongly with the chicane R56 (Fig. 4). The
chicane design includes coils to give adjustment of the
magnetic field by up to 20% in order to optimize micro-
bunch formation. To study the dependence of COTR output
versus chicane strength, a number of small data sets were
taken with the chicane strength varied between each set. A
fit was done to each cross correlation, an amplitude ex-
tracted, and an error deduced using the boot-strap method
[22].

The main difference between the two curves in the
chicane scan comes at low values of R56 where the second
harmonic again rolls off faster than the fundamental. At
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FIG. 3. (Color) Scatter plot of COTR signals versus IFEL modu-
lation for a single run. Each point is a single interaction of the
laser and electron beam. The amplitude of the IFEL interaction
varies due to the delay scan. The solid lines give the analytic
form [Eq. (7)].
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FIG. 2. (Color) Example data run of the IFEL microbunching
experiment containing 2130 events. Top left is the electron
energy spread as a function of delay with laser-on events in
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COTR raw signals at the fundamental (top right) and second
harmonic (bottom left). The bottom right figure shows the
current profile calculated by deconvolving the laser pulse from
the cross-correlation data.
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higher values both signals show a roll-off indicating that
optimum bunching is being reached for R56 �
0:13–0:16 mm. The inset shows the analytic form over a
larger range of R56 taking � � 0:65 �M as before where
for these runs the mean interaction M � 100 keV FWHM.
These runs were taken over a period of 	1 hour during
which both the mean interaction strength M and the total
charge drifted. As a result, the fit to the analytic form is
relatively poor compared to that of the COTR versus
modulation data shown in Fig. 3. Nevertheless, there is
qualitative agreement with the analytic form. The analytic
solutions reach a maximum at R56 � 0:20 mm for the
fundamental and 0.16 mm for the second harmonic. The
actual COTR signals peak for lower R56 due to the mean
being pulled down by more strongly interacting events that
are overbunched. Figure 2 shows events with modulation
up to 140 keV. For these events, optimal bunching would
occur at R56 � 0:12 mm. This demonstrates the impor-
tance of independently measuring the bunching through
the COTR to optimize the R56.

A number often quoted as a figure of merit for bunching
is the bunch parameter bn, equal to the Fourier coefficient
for longitudinal charge density. Recall that bn �
Jn�nR56kL�=�0� exp�� 1

2 �nklR56��=�0�
2�. Given the

good agreement between the analytic theory and the data
demonstrated in the energy modulation and chicane
strength scan data, we can use the analytic theory to
calculate the bunching parameters and resulting micro-
bunch density given by Eq. (2). For the measured values
of R56 � 0:16 mm and the modulation M � 140 keV we
infer, using Eq. (3), that b1 � 0:52 and b2 � 0:36. Figure 5

shows the longitudinal electron density versus position
near the center of the bunch as predicted from Eq. (2) using
the experimental parameters. At this level of bunching the
individual microbunches have a temporal pulse width of
	410 attosec FWHM and the peak charge is larger by a
factor of 3 from the unbunched charge density. Of course,
since the modulation strength varies over the bunch due to
the roll-off of the laser field intensity, the microbunch
density will decrease towards the edges of the bunch.

V. CONCLUSION

This experiment has succeeded in producing stable,
optically spaced attosecond bunch trains. The micro-
bunches are characterized through coherent optical transi-
tion radiation (COTR), and show good agreement with an
analytic theory for microbunch formation. With the laser to
electron beam delay held constant, a microbunched beam
is produced on every shot with a jitter corresponding to 

20% on the bunching factor. This stability will be impor-
tant in future experiments with the goal of achieving
acceleration microbunches in near-field optical structures
such as photonic crystal fibers [10]. Prior to laser powered
acceleration experiments, the microbunched beam will
also be used to probe candidate accelerator structures by
studying the wakes produced by the passage of a micro-
bunched beam through a near-field optical structure [23].

The production of a microbunched beam may also find
useful applications outside of direct laser acceleration. As
already noted in the Introduction, microbunched beams
have already been produced for HGHG FELs, and further
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experimentation in this direction is planned by researchers
around the world [24]. Microbunching may also be useful
in driving plasma wakes [25] or as a Compton scattering
source.

This research effort might one day lead to novel devices
producing energetic beams at very high repetition rates.
With the application of lithographic processing techniques
and commercially mass produced laser components these
devices could be made cheap, compact, and reliable.
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