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Abstract

We report the production of optically spaced attosecond 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 Transistion Radiation (COTR) at multiple harmonics of the bunching. The
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 350as fwhm. The
formation of stable attosecond electron pulse trains marks an important step towards direct laser

acceleration.
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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 succeeded
in producing semi-monoenergetic beams from plasma wakefield interactions[1-3]. These ex-
periments 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 beam via IFEL in-
teractions [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 pursu-
ing confines the beam 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,
the small dimensions mean the total power needed will be very low, just uJ/pulse, which
can be provided at high repetition rate by a mode locked oscillator.

To one day take advantage of high repetion rate laser sources requires wavelengths in the
optical to near-infrared. This wavelength region also has the most active research in near-
field structures such as photonic bandgap fibers[9] and lithographic optical components. To
investigate near-field infrared laser acceleration an IFEL microbuncher has been designed
and tested at 800nm. IFEL production and acceleration of microbunches has been demon-
strated at 10.6 pum[4]. At the shorter wavelength needed for this research program tolerances
are an order of magnitude tighter. This research therefore marks an important first step in
developing near-field IR laser accelerators.

The microbuncher used in this experiment comprises a magnetic undulator in which
the beam energy is modulated by an IFEL interaction and a chicane that converts the
energy modulation into a density modulation through the chicane Rs;s. The IFEL alone
has been demonstrated previously in an experiment exploring various harmonics of the
IFEL interaction[10]. The IFEL interaction plus chicane produces a train of few hundred
attosecond pulses spaced at the laser period (2.3 fs). Although microbunched beams have
been well-studied from FELs, producing them via an IFEL has the considerable added
experimental difficulty of aligning the pre-existing laser beam to the electrons. However,
using an IFEL allows optical phase control of the microbunches, a requirement for net

acceleration in a two-stage experiment, and substantially reduces the length of the undulator



required to form bunches.

To verify the existence of the microbunches the beam is sent through a foil to produce
COTR. As with velocity bunched klystron beams[11], the microbuncher forms a density
modulation with strong harmonic content. This density modulation can be expressed as a
Fourier series whose coefficients are Bessel functions depending on the amount of dispersion
(Rs6) imparted and the modulation from the IFEL[12, 13]. The intensity of COTR at each
harmonic is then proportional to the square of the density modulation giving equation (1)
where 7 is the amplitude of the sinusoidal IFEL modulation normalized to the beam energy,

o, is the fractional initial energy spread, ky, is the laser wavenumber, and n is the harmonic

number [14].
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The Rsg of the chicane is found by integrating the Lorentz equations and is given in
equation (2) where L is the distance from the undulator to the COTR radiator and B, is
the chicane magnetic field. The first term in the expression comes from velocity bunching

which gives a small but non-negligible contribution to the total Rsg.
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Direct comparison of the experimental results to the analytic theory is complicated by
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several issues, most appreciably the non-uniformity of the laser field transversely and in
time. In the real experiment there is not a constant modulation 7 for every electron in the
bunch. As a result, certain portions of the beam will optimally bunch at different values of
Rs¢ and will similarly radiate most strongly at different values.

This research was conducted at the NLCTA facility at SLAC, a 60 MeV Xband accelerator
that was recently upgraded with an Sband photoinjector for laser acceleration research. The
NLCTA beamline includes a chicane for energy collimation. Using the energy collimation,
the accelerator produces 1pC, ~ 1ps pulses with < 0.05% energy spread. The laser system
used to produce UV for the photoinjector also provides IR pulses for laser acceleration
research. This setup gives the timing stability necessary for experiments[15].

The beam enters 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
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FIG. 1: Layout of the microbunching experiment.

going into the experimental chamber housing the undulator, chicane, and the COTR radiator
as well as several diagnostic screens (see figure 1). Two Ce:YAG screens are attached fore
and aft of the undulator for 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 beam enters a
90° imaging energy spectrometer with 5 keV resolution. The COTR radiator is located at
the image 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 effecting the measured energy spectrum.

To avoid damaging the COTR radiator and to reduce background due to the laser, a
tungsten beam stop 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, one normal to the beam
and a second at 45° to send the light to a pair of photomultiplier tubes (PMTs). The COTR
light is 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 attached to select only
the given harmonic and also help protect against ambient light. Finally, a polarizing filter
is placed in front of the 800nm PMT to further reduce background due to the laser.

Table (I) gives a list of experimental parameters including beam, laser, and magnet values.
The beam values for the initial energy spread and temporal pulse length were obtained from
the data itself. Data are taken in runs of 500-4000 beam shots at 10 Hz. A fast delay mirror

is used to vary the delay between the electron beam and laser before each shot. For each



Parameter Value
Electron Energy 60 MeV
Energy Spread 30 keV (typ.)
Electron Pulse length 0.8ps™ (typ.)
Electron Spot Size 100 pm (nom.)
Bunch Charge 1pC (nom)
Laser Wavelength 785 nm
Laser Energy 0.65 mJ/pls
Laser Pulse length 0.5ps (nom.)
Laser Spot Size 200 pm
Undulator Period 1.8 cm
Number of Periods 3
Undulator Strength (a,,) 0.46
Chicane Rsg 0.04-0.16 mm

TABLE I: Experimental Parameters for attosecond bunch train production. All widths are given

as fwhm. *Estimated from the data.

shot an image of the beam at the energy spectrometer is acquired along with numerous
diagnostics including the COTR PMTs and diodes for the laser. From the energy profiles a
beam energy spread is extracted and plotted against the delay forming a cross-correlation
scatter plot. 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 radiation,
bremsstrahlung, or undulator radiation, all of which would occur regardless of relative timing
between the two beams.

Figure (2) shows an example data run showing the cross-correlation scatter plots of the

energy spread as well as the fundamental and second harmonic COTR signals. In this
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FIG. 2: 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 red (circles), laser-
off in blue (crosses). Also shown are the 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.

particular beam configuration there is a smaller electron pulse behind the main pulse. De-
convolution of the laser temporal profile from the modulation (fig. 2 bottom right) estimates
the main electron pulse temporal length of 0.8ps fwhm. The COTR signals show the same
characteristic structure to the beam. The fundamental COTR signal has a large offset be-
tween laser-on and laser-off events indicating there is still significant bleed-through of laser
light to the detector. This bleed-through also contributes significantly to the noise on the
signal.

To explore further the dependence of COTR output on the IFEL modulation we plot
the COTR signals versus the IFEL modulation strength. This is shown in figure (3). Here,
the raw COTR signals have been inverted, rescaled, and the baseline signal (with no IFEL
interaction) subtracted. The IFEL modulation is given by the difference in quadrature of
the total energy spread and the initial energy spread (o7rpr = \/0%0r — 02y ). The only cut
applied to the data here is on the delay timing to select events near the interaction overlap.

Shown with the data for each harmonic is the analytic form (eqn (1)) using the known
value of Rs¢ = 0.2mm and taking n = 0.5%M x1.3 where M is the measured IFEL modulation
fwhm. For a constant modulation across the entire beam, we would have n = 0.5% M (recall

7 is the amplitude of a sinusoidal modulation). However, since the measured M is an
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FIG. 3: Scatter plot of COTR signals versus IFEL modulation 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 (eqn. (1)).

average across the entire beam including electrons not modulated (either out-of-time or off-
axis transversely), we expect the radiating portion of the beam to have a larger modulation
n. Allowing 1 as a fit parameter and minimizing x? we obtain = 0.65 * M. This is also
consistant with an extended analytic theory taking into account laser and electron beam
form factors. The fit of the analytic form to the data shows very good agreement with
x? = 1.06 for the fundamental data and y? = 1.4 for the second harmonic. For this fit the
variance for each data point is calculated from the deviation of the nearest neighbors.

With the COTR signals plotted in this way the difference in the two harmonics is clear.
As the total IFEL modulation decreases the amount of second harmonic COTR falls off more
rapidly than the fundamental. This is due both to the differing Bessel function dependence
as well as to the greater sensitivity to energy-spread-based washout from the exponential
term in equation (1).

In addition to the modulation strength, n, the COTR output varies strongly with the
chicane Rsg. The chicane design includes coils to give adjustment of the magnetic field by
up to £20% in order to optimize microbunch formation. To study the dependence of COTR
output versus chicane strength, a number of short data runs were taken with the chicane
strength varied between each run. A fit was done to each cross-correlation, an amplitude
extracted and an error deduced using boot-strap method. The results are shown in figure
(4).

The main difference between the two curves in the chicane scan comes at low values
of Rss where the second harmonic again rolls off faster than the fundamental. At higher

values both signals show a roll-off indicating that optimum bunching is being reached for
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FIG. 4: A scan of the chicane Rsg. The first and second harmonics are shown together with the
analytic form overlayed. Each data point represents a run of 500 events, fitted with errors found

by the boot-strap technique. The inset shows the analytic function for the COTR output (equn.

(1))-

Rs6 = 0.13 — 0.16mm. The inset shows the analytic form over a larger range of Rj¢ taking
1n = 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 the COTR versus modulation data shown in figure (3). Nevertheless, the data
agrees well qualitatively with the analytic form. The analytic solutions reach a maximum at
Rs¢ = 0.22mm for the fundamental and 0.18mm for the second harmonic. The actual COTR
signals peak for lower R due to the mean being pulled down by more strongly interacting
events that are overbunched. Figure 2 shows events with modulation up to 140keV. For these
events, optimal bunching would occur at Rss = 0.12mm. This demonstrates the importance
of independently measuring the bunching through the COTR to optimize the Rsg.

A number often quoted as a figure of merit for bunching is the bunch parame-
ter b,, equal to the Fourier coefficient for longitudinal charge density. In our case:
b, = Ju(nRsgkrn)exp[—3(no,/n)?). For the maximum Rse strength and the modulation
M = 100keV we obtain by = .52 and by = 0.39. At this level of bunching the individual
microbunches have a temporal pulse width of ~ 350as.

This experiment has succeeded in producing stable, optically spaced attosecond bunch

trains. With the laser to electron beam delay held constant, a microbunched beam is pro-



duced on every shot with a jitter corresponding to < 20% on the bunching factor. This
stability will be important in future experiments looking to measure net acceleration of
optical microbunches in near-field structures. Prior to powered acceleration experiments,
the microbunched beam will also help probe candidate accelerators structures by studying
the wakes produced by the passage of a microbunched beam through a near-field optical
structure. This research effort will lead to novel devices producing energetic beams at very
high repetition rates.
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