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Abstract. A new frequency-resolved bunch-length measuring system has
been developed at the Stanford SUNSHINE facility to characterize subpicosec-
ond electron pulses. Using a far-infrared Michelson interferometer, this method
measures the spectrum of coherent transition radiation emitted from electron
bunches through optical autocorrelation. The electron bunch length is ob-
tained from the measurement with a simple and systematic analysis which
includes interference effects caused by the beam splitter. This method demon-
strates subpicosecond resolving power that cannot be achieved by existing
time-resolved methods. The principle of this method and experimental results
are discussed.

INTRODUCTION

In the recent development of particle accelerators, the production of very
short electron bunches has become an interesting direction. Many future ac-
celerator designs such as next-generation synchrotron light sources, future lin-
ear colliders, free-electron lasers, and high-intensity coherent far-infrared light
sources demand electron bunches of subpicosecond duration. Hence, a bunch-
length measuring system capable of characterizing subpicosecond pulses will
provide a powerful diagnostic tool to assist this development.

As a direct approach, a time-resolved method, which resolves the beam-
generated signal in the time domain, is normally applied to measure the bunch
length. However, existing fast time-resolved methods such as the streak cam-
era can not provide enough resolution for subpicosecond electron pulses, and
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the hardware has already become very complicated and expensive. In con-
trast, a frequency-resolved technique, which extracts the frequency content of
a beam-generated signal, does not require fast processing speed and complex
hardware. From the frequency information, the particle distribution can be
deduced. Since the necessary broad bandwidth required for subpicosecond
pulses can be achieved by optical methods, a good subpicosecond resolution
can be easily obtained. This is a well-known technique used in the charac-
terization of femtosecond laser pulses(l) and has been suggested for electron
bunch-length measurements(2).

At the SUNSHINE facility, we have developed a new bunch-length measur-
ing system based on this frequency-resolved technique. Using subpicosecond
electron pulses generated at SUNSHINE(3,4), we have demonstrated that it
is a simple and low-cost instrument suitable for subpicosecond bunch-length
measurements(5). In this paper, we will describe the principle of this tech-
nique, analysis of bunch-length measurements, and experimental results.

PRINCIPLE OF AUTOCORRELATION METHOD

This frequency-resolved method uses a far-infrared Michelson interferome-
ter to measure the spectrum of coherent transition radiation through optical
autocorrelation. Coherent transition radiation emitted from electron pulses
carries the information of bunch distribution in its frequency content. By
analyzing the frequency information, the bunch length can be derived.

Coherent Transition Radiation

Transition radiation is generated when an electron passes the interface of
two media of different dielectric constants(6). For a vacuum-metal interface,
the spectrum of transition radiation is approximately flat in the far-infrared
regime due to the almost perfect conductivity of the metal. The radiated
intensity from a relativistic electron has a zero at § = 0 and reaches maximum
at § ~ 1/v, where 8§ is the angle between the radiation and the electron
direction, and 4 is the Lorentz factor(5-7).

When a bunch of N electrons passes the interface, the resulting total inten-
sity at angular frequency w can be expressed as(8)

Loowa(®) = N[L + (N = ) f@)|L(w), )

where I.(w) is the intensity of transition radiation emitted by an electron at
frequency w. In the far-infrared regime, I.(w) is constant. The form factor
f(w) is given by the three-dimensional Fourier transform of the electron bunch
distribution(5,7,8). If the radiation can be observed in the forward direction
(6 = 0) from a transversely symmetric beam, the form factor f(w) is only
determined by the longitudinal bunch distribution.
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FIGURE 1, Schematic diagram of a Michelson interferometer for bunch-length measurements.

However, transition radiation does not produce radiation in the forward
direction. In order to use transition radiation to measure the bunch length,
observing the radiation in an off-axis direction (6 # 0) is necessary. In this
case, the transverse bunch distribution will contribute to the form factor even
for a transversely symmetric beam. For large angles or big transverse beam
sizes, the transverse contribution will result in an apparent bunch-length mea-
surement that is longer than the actual one(5,7). This transverse contribution,
however, can be ignored if the condition ptan § < [ is satisfied, where p is the
transverse beam size, and ! is the bunch length(5,7). This condition is assumed
in the following analysis and is automatically obtained when the beam condi-
tions are optimized in experiments. Hence, proper focusing to produce small
transverse beam size and a reasonable angular acceptance for the detector is
crucial for accurate subpicosecond bunch-length measurements.

Far-infrared Michelson Interferometer

Since the spectrum of coherent transition radiation emitted by subpicosec-
ond electron bunches is in the far-infrared regime(4,7), a far-infrared Michelson
interferometer shown in Fig. 1 is used to measure the spectrum via optical au-
tocorrelation. It consists of a beam splitter, a fixed and a movable mirror, and
a detector. When light enters the Michelson interferometer, the beam split-
ter splits its amplitude into two mirror arms. As these two rays are reflected
from the mirrors, they are recombined at the beam splitter and sent into the
detector.

An ideal beam splitter has constant amplitude reflection (R) and transmis-

sion Q_V coefficients over all frequencies, which satisfy |R|?> = [T|* = 1/2. As
shown in Fig. 1, for an incoming light pulse of electric field F with intensity
proportional to |E|?, the light pulse split by the beam splitter and reflected by
the fixed mirror has a field amplitude of T(RE) when it reaches the detector;
on the other hand, the light pulse reflected by the movable mirror has an am-
plitude of R(T'E) at the detector. Perfect reflection on the mirrors is assumed.
At zero optical path difference, the pulses completely overlap at the detector,
and the total intensity reaches the maximum [2RTE|? = |E|%. As the path
difference increases but is still shorter than the bunch length, the two pulses
overlap partially, and the total intensity decreases. When the path difference of
two arms is Jarger than the bunch length, the two pulses are totally separated
in time, and the resulting intensity at the detector is 2|RTE|? = |E|?/2. The
intensity is constant over all path differences greater than the bunch length
and is called the baseline. The variation of intensity about the baseline as
a function of optical path difference is called the interferogram. Therefore,
the width of the peak in the interferogram can be used to measure the bunch
length.

The intensity of the recombined radiation at the detector can be expressed
in the time domain with an additional time delay /¢ for the movable arm by

1(6) « \.ws_gm@:mﬂmﬁimv_n&

= M_mﬂ_wwo\stmQExi S+ 2IRTP \ |EQ)P &, (2)
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or in the frequency domain with a phase factor e~*%/¢ for the movable arm by

+co ~ ~ .
1(6) « \ |TRE(w) + RT B(w)e /| dw

= mwm\ [RT|E(w)[?e -é\n%ﬁ \ |RT 2| B(w)[Pdw, (3)

S Qv I,

s&mmo ¢ is the optical path difference, ¢ is the speed of light, S(§) denotes
the interferogram, and I, is the baseline defined as the intensity at § —
"_”oo m@cm.aonm (2) and (3) are related by the Fourier transform E(w) =

Na s % E(t)etdt. Therefore, the interferogram S(6) is the autocorrelation
of the incident light pulse [cf., Eq. (2)], and its Fourier transform is the power
spectrum of the pulse [cf., Eq. (3)]. Solving for |E(w)]? in Eq. (3) and using
Eq. (1) with the relation Low(w) o |E(w)|?, the bunch form factor can be
obtained by

1
fw) o 5= H 4rc[RTENT,(w)
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FIGURE 2. The efficiency of Mylar beam splitter as a function of frequency for different thick-
nesses: 12.7 (solid), 25.4 (dashed), and 50.8 um (dash-dotted line).

where |E(w)[? = |B(—w)|? is used since E(t) is a real function. Hence, the
interferogram contains the frequency spectrum of coherent transition radiation
and can be used to derive the bunch length.

Mylar Beam-splitter Interference Effects

Suitable beam splitters for the far-infrared regime (a Mylar foil in our de-
sign) do not provide constant and equal reflectance and transmittance for all
frequencies. This is caused by the interference of light reflected from both
surfaces of the beam splitter, which is equivalent to thin-film interference in
optics(9). The total amplitude reflection and transmission coefficients for a
Mylar foil of thickness ¢ and refractive index n mounted at a 45° angle to the
direction of incoming light are given respectively by(7,10)

—ei? ei/2
1 and T = AH - ﬂ.wvgu va

where r is the amplitude reflection coefficient of the air-to-Mylar interface at

a 45° incident angle, and ¢ is defined as 4wtoy/n? — (1/2) at wavenumber
o = w/2r¢(7,11). No absorption in the foil is assumed, and the refractive
index is assumed to be constant (n = 1.85) over all frequencies(11).

The efficiency of the beam splitter defined as |RT'|? is shown in Fig. 2. The
efficiency becomes zero at frequencies where light reflected from both surfaces
of the beam splitter interferes destructively. Derivations in the time domain
such as Eq. (2) are no longer valid for varying efficiency; however, those in the
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FIGURE 3. The simulation of the beam-splitter interference effects on a rectangular bunch
distribution with different beam splitters: (a) an ideal beam splitter and Mylar beam splitters of
thicknesses (t) (b) equal to, (¢) half, and (d) one third of the bunch length (1).

frequency domain such as Eq. (3) still hold. The width of the interferogram
can not be directly used for bunch-length estimation unless interference effects
on the interferogram are included.

Bunch-length Analysis

The interference effects are studied numerically for both Gaussian and rec-
tangular bunch distributions, and the bunch length is then derived from this
study. Although real bunch distributions are neither Gaussian nor rectangu-
lar, the bunch lengths deduced from the two distributions will give reasonable
bounds for the real one.

Examples of the beam-splitter interference effects on a rectangular bunch
distribution are shown in Fig. 3. For an ideal beam splitter, the interferogram
has the expected triangular peak with its FWHM equal to the bunch length
[cf., Fig. 3(a)]. For Mylar beam splitters, negative valleys appear in the in-
terferograms, which are due to suppression of the low frequency area by the
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FIGURE 4. Interferogram FWHM's as functions of equivalent bunch lengths of both Gaussian
(dotted lines) and rectangular (solid lines) bunch distributions for different Mylar beam-splitter
thicknesses: 12.7, 25.4, 50.8, and 127 um. Within the same distribution, the lines are shown
from the bottom to the top in the increasing order of thickness.

first zero of the beam-splitter efficiency. These valleys move closer to the main
peak as the beam-splitter thickness (¢) decreases [cf., Fig. 3(b)—(d)]. For beam
splitters thinner than about half the bunch length (), they merge with the
main peak and narrows the peak [cf., Fig. 3(d)]. The effects are similar for a
Gaussian distribution. Detailed results on how the FWHM values of the in-
terferogram change with the bunch length for both Gaussian and rectangular
distributions are shown in Fig. 4. Once the beam splitter is chosen, the bunch
length can be derived from the measured interferogram width through Fig. 4.

EXPERIMENTAL SETUP

To demonstrate this method, the SUNSHINE facility was operated to pro-
duce 1-p pulse trains at 10 Hz containing about 3000 electron bunches at an
energy of 30 MeV. Each bunch had about 3.5 x 107 electrons. As shown in
Fig. 1, transition radiation is generated when the electrons pass through an
Al foil. The divergent backward transition radiation is extracted from the
evacuated beam line into air via a high-density polyethylene (HDPE) window
and is converted into parallel light by an off-axis paraboloidal mirror(12). The
parallel light then enters a far-infrared Michelson interferometer.

The interferometer consists of a Mylar beam splitter mounted at a 45° angle
to the direction of incident light, a fixed and a movable first-surface mirror,
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FIGURE 5. Interferograms measured for different Mylar beam-splitter thicknesses: (a) 12.7,
{b) 25.4, (c) 50.8, and (d) 127 um. The FWHM's of the main peaks are measured in mirror
movement, which are half of widths in optical path difference.

and a room-temperature detector. The movable mirror is moved by a lin-
ear actuator via a PC. The detector consists of a Molectron P1-65 LiTaO3
pyroelectric bolometer and a pre-amplifier(3,4,12). The detector signal is dig-
itized into the computer. With the computer interfaces, the autocorrelation
measurements are performed automatically through the program under the
LabVIEW control environment implemented on the computer.

RESULTS AND DISCUSSION

By measuring the detector signal as a function of the position of the movable
mirror via the computer program, the interferograms of 2.2 mm long with 5-um
mirror step size are measured for four different Mylar beam-splitter thicknesses
and shown in Fig. 5. This 5-um mirror step size corresponding to a 33-fs time
resolution is good enough for the measurements; however, a subfemtosecond
resolution can still be achieved by the actuator with a submicron step size.
The beam parameters are kept the same when different beam splitters are




TABLE 1. Measured interferogram FWHM's in optical path difference (OPD) for different
beam-splitter thicknesses and the corresponding estimated equivalent bunch lengths deduced
from Fig. 4 for Gaussian and rectangular distributions.

Beam splitter  Interferogram FWHM  Estimated equivalent bunch length (um)

thickness (um) OPD (um) Gaussian Rectangular
12.7 55.6 60.8 100.6
25.4 774 72.8 103.2
50.8 112.3 86.9 111.0
127.0 110.4 83.1 100.1

used. The valleys around the main peak are separated farther apart as the
beam-splitter thickness increases. This widens the main peak [cf., Fig. 5(a)-
(c)] until the valleys are out of the peak [cf., Fig. 5(c),(d)]. The base of the
peak can even be seen in Fig. 5(d). The measured interferogram FWHM’s and
the estimated equivalent bunch lengths deduced from Fig. 4 for Gaussian and
rectangular distributions are shown in Table 1. The estimated bunch lengths
provide bounds for the real bunch length and are consistent over a 10-fold
change in the beam-splitter thickness. The real bunch length is estimated
about 100 ym (0.33 ps) long.

Non-destructive methods such as using a bending magnet to generate co-
herent synchrotron radiation and using a metal foil with a hole to generate
coherent diffraction radiation are suitable for applications where keeping good
beam quality is essential. Unlike the case for transition radiation, the single-
electron spectrum of these radiating processes is not constant in frequency. In
order to extract bunch information f(w), the measured spectrum has to be
numerically corrected for the single-electron spectrum I.(w).

In principle, the measured spectral information can be used to reconstruct
the bunch distribution and give a better bunch-length measurement. However,
there are some practical difficulties in reconstructing the electron distribu-
tion for this experiment. The spectrum is contaminated by water absorption
lines caused by humidity in ambient air(4), and the zeros of the beam-splitter
efficiency produce artifacts when the spectrum is numerically corrected for
the beam-splitter interference effects(4). Although one-dimensional phase-
retrieval methods have been suggested for this reconstruction problem(13,14),
they can not guarantee the uniqueness of the solution(7). Alternatively, a
new method described in Ref.(7) using two-dimensional autocorrelation scans
with a three-dimensional phase-retrieval method may be used to obtain the
three-dimensional bunch distribution with the guaranteed uniqueness of the
solution.

CONCLUSION

In conclusion, a new frequency-resolved bunch-length measuring method
suitable for subpicosecond electron pulses has been developed at the SUN-
SHINE facility. This method measures the autocorrelation of coherent transi-
tion radiation emitted from electron bunches through a far-infrared Michelson
interferometer. Measurements have verified this method by showing consistent
results over a broad range of beam-splitter thicknesses. Based on a low-cost,
easy-to-operate, compact, and transportable Michelson interferometer, this au-
tocorrelation method demonstrates a subpicosecond resolving power far better
than existing time-resolved methods.
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