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Abstract

Electron pulses generated at the Stanford SUNSHINE facility with
(2-4.6) x 108 electrons per microbunch have been measured as short
as 50fs (rms). The bunch length is determined by optical autocorrela-
tion via a far-infrared Michelson interferometer using coherent transition
radiation emitted at wavelengths longer than and equal to the bunch
length. This frequency-resolved autocorrelation method demonstrates a
better sub-picosecond resolving power than any existing time-resolved
method. The experimental setup and the results will be described.

INTRODUCTION

In the development of particle accelerators, the measurement of the electron
bunch length in the longitudinal phase space has played a very important
role. Through bunch length measurements, it is possible to examine different
bunch generation and compression techniques and, hence, find not only ways of
optimizing accelerators’ performance but also guidance to the design of future
linear colliders, free-electron lasers, and high-intensity coherent light sources
in the far-infrared regime.

To measure the bunch length, two approaches can be taken: the time-
resolved and the frequency-resolved technique. The time-resolved technique
uses fast electronics to resolve beam-generated light pulses in the time domain
and derives the longitudinal bunch distribution. When the bunch length is
reduced through the development of accelerators, faster processing speed and
more advanced technology are required to achieve higher resolution. As a re-
sult, the highest time resolution achieved by the fastest time-resolved device,
the streak camera, is on the order of a picosecond. However, this resolving
power is not enough for facilities like SUNSHINE at Stanford University(1,2),
where electron bunches can be compressed to the 100-fs range. To resolve such
short electron bunches, new bunch length measuring technique must be used.

The frequency-resolved technique, on the other hand, resolves the frequency
content of beam-generated light pulses in the frequency domain and deduces
the particle distribution from the frequency information. Unlike time-resolved
methods, this technique does not require fast processing speed, and the nec-
essary broad bandwidth for short pulses can be achieved by optical methods.
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Based on this technique, an optical autocorrelation method, similar to that
used to characterize femtosecond laser pulses(3), has been proposed for sub-
picosecond bunch length measurement(4). It utilizes the coherence property
of the radiation emitted by short electron bunches to generate the optical
autocorrelation via a far-infrared Michelson interferometer. By analyzing this
autocorrelation measurement, it is possible to determine the electron bunch
~ length down to sub-picosecond resolution.

~ In this paper, we will describe the experiment using this new autocorre-
lation method to measure the sub-picosecond electron bunches generated at
SUNSHINE. We first describe the principle of bunch compression used at this
facility and then discuss the experimental setup and the results.

CONCEPTUAL BACKGROUND

The bunch generation and compression system used at SUNSHINE, as
shown in Fig. 1(a), consists of two major components: a 11/2-cell thermionic
RF gun and an alpha magnet with energy filters(1,2). The RF gun operat-
ing at 2856 MHz produces 2.5-MeV electron bunches in which the electrons
are distributed along a thin line in the energy-time phase space with high-
er energy electrons located at earlier time and lower energy electrons, later
time. These energy-time correlated bunches are then steered into the alpha
magnet for compression. The magnet will guide the electrons in the magnet
along a-shaped paths with higher energy electrons following longer paths and
vice versa; hence, the earlier electrons in the bunch, which have higher energy,
will spend more time in the magnet by following longer paths while the later
electrons, less time. By correctly setting the magnet’s strength, it is possi-
ble to compress part of the electron bunch into sub-picosecond duration. This
optimally compressed part is then selected by energy filters and transported
through a 30-MeV linear accelerator and a beam transport line to the radia-
tion source point. When transporting the electron bunch, the velocity spread
in the bunch can cause significant bunch lengthening; therefore, it is neces-
sary to compensate for this effect by overcompressing the bunch so that the
minimum bunch length is reached at the source point.

When these short electron bunches emit radiation, the total radiation is in-
coherent at wavelengths shorter than the bunch length and temporally coherent
at wavelengths longer than and equal to the bunch length(5). The intensity
of the coherent part exceeds that of the incoherent part by a factor of N,
the number of electrons in each bunch. This coherent intensity enhancement
makes it easier to detect the radiation from sub-picosecond electron bunches in
the far-infrared regime. The radiation spectrum is the Fourier transform of the
longitudinal bunch distribution; hence, the determination of the bunch length
will become possible once this spectrum is measured by the frequency-resolved
technique.
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Figure 1. Schematic diagrams of (a)the bunch generation and compression system
used at SUNSHINE and (b)the experimental setup. ‘

EXPERIMENTAL SETUP

As stated in the previous section, 2.5-MeV electron bunches are produced
by the RF gun every 350 ps for a macropulse duration of about 1us at a rep-
etition rate of 10 Hz. These electron bunches, with a macropulse current of
700-900 mA at the gun exit, are guided into the alpha magnet. The magnet
compresses part of each bunch into sub-picosecond duration and the undesir-
able part of the beam is filtered out. Finally, these sub-picosecond electron
bunches, with (2-4.6) x 108 electrons each, are accelerated to 30 MeV and
transported to the radiation source point.

At the radiation source point, as shown in Fig. 1(b), transition radiation
is generated when the electrons pass through a 25.4-um-thick Al foil. The foil
supported by a copper ring is oriented at a 45° angle to the beam direction so
that the backward transition radiation is emitted in the direction normal to
the beam path and can easily be extracted from the vacuum chamber through
a 1-mm-thick high-density polyethylene window of 19 mm diameter. Since the
backward transition radiation is emitted at the Al surface, the focal point
of an off-axis paraboloidal mirror is aligned with this surface to make the
divergent radiation parallel without introducing optical path difference to the
extracted light pulse. The parallel light then enters a far-infrared Michelson
interferometer.

The interferometer consists of a 12.7-pm-thick Mylar beamsplitter, a fixed
and a movable first surface mirror, and a room-temperature bolometer. The
movable mirror is controlled by a Newport 850-B 25-mm actuator through a
Newport PMC200-P 2-axis controller which in turn is controlled by a 486-based



PC via an RS-232 port. The bolometer consists of a Molectron P1-65 LiTaO;
pyroelectric detector of 5mm diameter and a pre-amplifier. This bolometer is
designed to measure the integrated radiation energy from each 1-ys macropulse
with a responsivity of pre-amplification x 1.21 x 102 V/J and is attached to a
copper light cone, which will collect the parallel light into the bolometer. The
bolometer signal is digitized into the computer through a National Instru-
ments AT-MIO-16F-5 data acquisition board. With these computer interfaces,
the autocorrelation measurement can be performed automatically through the
program under the LabVIEW control environment implemented on the com-
puter.

RESULTS AND DISCUSSION

By measuring the bolometer signal as a function of the position of the
movable mirror through the computer program, typical 16-mm-long autocor-
relation scans with 10-ym mirror step size were performed with a good signal-
to-noise ratio. For example, the bolometer background noise was measured
around 2mV while the bolometer signal was measured about 200mV after
pre-amplification. However, in all the presented data, the pre-amplification
was removed.

For an ideal beamsplitter which equally splits the intensity of the incoming
radiation into two mirror arms, the intensity of the radiation combined at the
detector, which will produce a proportional bolometer signal, can be expressed
in the time domain as

I(6) = /:O]RT{E(t) + E(t+ g)}|2 dt

- 24|_RT|2{Re/::°E(t)E‘(t+g)dt+ /_;°°|E(t)|2 i (1)

or in the frequency domain as

+o0 .
1(6) = / TIRTE(W)(1+ ¢4 du

= 2fRe[ " [RTP|E@)e™ do+ [ |RTP |E@W)P o} (2)
where § is the optical path difference between both mirror arms, and R and T
are the amplitude reflection and transmission coefficients with |R|® = |T'|? =
/2. Equation 1 and 2 are related by the Fourier transform of E(¢). Further-
more, the interferogram is defined as I(§) — I, where I is I(§ —» +oo) =
2|RT|? [ |E(t))? dt = 2 [TZ|RT|? | E(w)|? dw. The interferogram is, indeed,
the autocorrelation of the light pulse (see Eq. 1), and its Fourier transform
is the power spectrum of the pulse (see Eq. 2). I(§) is equal to I for |§|
much larger than the pulse length and rises to the maximum of 27, at § = 0.
Hence, the width of this peak around § = 0 in the interferogram can be used
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Figure 2. Typical 16-mm-long autocorrelation scan and derived spectra for radia-
tion from sub-picosecond electron pulses. The autocorrelation scan is shown in (a).
The raw spectrum and the one corrected for the Mylar beamsplitter efficiency are
shown in (b).

to estimate the pulse length (which is equivalent to the bunch length). For
example, the full width at half maximum (FWHM) of the interferogram is
equal to the bunch length for a rectangular bunch distribution and is equal to
4v/1n 20, for a Gaussian bunch distribution with an equivalent bunch length of
V27 o, (=0.75 FWHM). Most real bunch distributions are neither rectangular
nor Gaussian, and -the equivalent bunch length can be estimated as 75% to
100% of the FWHM of the interferogram. A typical autocorrelation measure-
ment, as shown in Fig. 2(a), exhibits the sharp rise in signal to about twice of
I, when pulses from both mirror arms overlap.

However, a suitable beamsplitter used for the far-infrared regime does not
provide constant 1/2:1/2 reflection and transmission at all frequencies but those
varying as functions of frequency. This departure from the ideal beamsplitter
is caused by the interference of light reflected from both surfaces of the Mylar
beamsplitter, which is equivalent to thin film interference. Because of this
interference, the efficiency of the 12.7-ym-thick Mylar beamsplitter, which is
defined as |RT|?, increases from zero at zero frequency to the maximum value of
0.17 at 115cm™! and then drops to zero again at 230 cm ™!, the first singularity
of the beamsplitter, where light reflected from both surfaces of the beamsplitter
forms destructive interference. Hence, the beamsplitter thickness of 12.7 ym is
specially chosen to include the whole expected spectrum within the frequency
range up to its first singularity.

The raw radiation spectrum of the autocorrelation measurement and the



CONCLUSION

In summary, we have shown the results of using an optical autocorrelation
method to measure the length of sub-picosecond electron bunches generat-
ed at SUNSHINE. The rms bunch length is measured about 50fs. This new
method has demonstrated a very good sub-picosecond resolving power which
out-performs any existing time-resolved method; hence, it may be applied to
any short bunch length measurement task. Furthermore, the Michelson inter-
ferometer used in this method fits on a 20 x 30 cm? breadboard and is easily
transportable. Combining this compact interferometer with the easily manage-
able transition radiation and the room-temperature bolometer, this new device
would become a convenient diagnostic instrument for accelerators.
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