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Ultrashort electron bunches are becoming increasingly important for applications such as free-electron
lasers, time-resolved electron diffraction/microscopy, and advanced accelerator concepts. We report
femtosecond electron bunch generation with a unique rf gun and its precise measurement using a transverse
deflecting cavity. A bunch length of 323� 13 fs with 120 pC (∼7.5 × 108 electrons) was achieved at a
distance of just 3 m from the cathode. A longitudinal phase space distribution was also achieved, and we
successfully experimentally confirmed the linearly energy chirped electron bunch generation and self-
compression by the velocity difference.
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I. INTRODUCTION

Photocathode rf electron guns have become a promising
electron source for generating high-brightness electron
beams. Electron bunches with low emittance and a pico-
second bunch length are easily achieved with the help of
commercialized mode-locked lasers because the initial
conditions can be controlled by the laser pulse. This
method has been adopted for x-ray free-electron lasers
(XFELs) [1–3], THz radiation sources [4–7], laser-
Compton x-ray sources [8–13], pulse radiolysis experi-
ments [14–17], ultrafast electron diffraction/microscopy
(UED/UEM) [18–23], and so on. For both these applica-
tions and future colliders, an ultrashort bunch length
(<1 ps) is of significant interest [24,25]. The temporal
resolution can be improved in pump-probe experiments
[26] and the coherent component in THz sources can be
increased drastically [27]. Ultrashort bunches are also
useful to probe the plasma wakefield, which is an advanced
accelerating scheme with a very high-accelerating gradient
[28]. For x rays, ultrashort pulses below 100 fs have already
been achieved at XFEL facilities [2,29–33]. Moreover, this
technology is progressing toward the attosecond regime

[34,35]. These methods have allowed new science and
provided new knowledge in protein crystallography
[36,37], photosynthesis [38], ablation studies [39,40], etc.
In large accelerator facilities, it is common to arrange
bunching systems to achieve ultrashort bunch lengths.
Velocity bunching by off-crest acceleration and magnetic
bunch compression are widely used [41,42]. In fact, all
existing XFEL photoinjectors take advantage of several
magnetic chicanebunchcompressors to achievehigh-density
electron bunching and x-ray lasing [43,44]. Although an
ultrashort bunch can be generated directly by irradiating a
photocathode with a femtosecond laser pulse, this approach
is successful only when the bunch charge is a few pC at most
[45]. The severe space charge effect, especially in the low-
energy region near the cathode, causes bunch lengthening.
We have been conducting studies based on an S-band

photocathode rf electron gun [46]. The rf electron gun cavity
is based on the structure developed at Brookhaven National
Laboratory [47], but some improvements have been made
[48]. To overcome the difficulty of generating a highly
charged (∼100 pC) ultrashort electron bunch directly by a rf
electron gun, we have proposed a unique cavity structure
[49]. It has an extra cell coupled to the conventional 1.6-cell
structure. The roll of the cell provides a linear energy chirp to
the electron bunch. Thus, we have named the device as an
energy chirping cell-attached rf gun (ECC-rf gun). In our
early studies, we estimated the bunch length by analyzing the
coherent THz radiation from the electron bunch and con-
cluded that the bunch length was compressed to < 500 fs
rms [49,50]. For a more precise measurement, we designed
and fabricated a transverse deflecting cavity (TDC) [51,52].
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In this paper, we briefly explain the ECC-rf gun itself and the
principle of the bunch length measurement using the TDC.
Afterward, we show the experimental results of the ultrashort
bunch length measurement and the longitudinal phase space
measurement.

II. ECC-RF GUN

The ECC-rf gun is a photocathode rf gun specifically
designed for ultrashort bunch generation [49]. A schematic
of the cavity structure and the principle of operation is
shown in Fig. 1.
The phase spaces are generated by general particle tracer

(GPT) calculations [53]. The cavity is based on the
conventional 1.6-cell design but also includes an ECC as
an extra cell. The idea of adding an extra short cell was also
studied at University of California, Los Angeles [54], for
improving the temporal resolution of UED. The cavity
structure such as the length of the short iris and the ECC
was determined by iteration of modeling on SUPERFISH and
beam tracking on GPT [49]. The electrons emitted from the
photocathode are first accelerated up to approximately
4 MeV and the space charge effect is mitigated. These
relativistic electrons acquire a positive linear energy chirp
at the adjacent ECC. Since the β value, the velocity over
light speed, of a 4 MeV electron is 0.9918, the energy
difference still corresponds to the velocity difference. As a
result, a few meters of drift space are sufficient for velocity
bunching. As a design value predicted by GPT calculations,
a bunch length of 88.4 fs (rms) was expected at a distance
of 230 cm from the cathode with a beam energy of
4.24 MeV. The design concept and calculation details
are explained in Ref. [49]. The parameters of the exper-
imental condition are shown in Table I.

III. BUNCH LENGTH MEASUREMENT

A. Principle

Several schemes have been established to measure short
bunch lengths, such as radiation pulse duration detection by
using streak cameras [55,56], spectral measurement of
coherent radiation [57–60], bunch electric field detection
by using the electro-optic effect [58,61,62], and TDCs
[58,63,64]. TDCs provide the most direct measurement of
the electron bunch length. Our TDC is designed to measure
the ultrashort bunch generated by the ECC-rf gun [51].
Table II shows the parameters related to our TDC.
A schematic of the principle of operation is shown

in Fig. 2.
The TM210 magnetic field inside the TDC projects the

longitudinal profile of the electron bunch onto the phosphor
screen. By selecting zero-crossing rf phase and assuming a
Gaussian distribution, the bunch length is expressed as [51]

σt ¼
pc

eVTωL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ2on − σ2off

q

¼ 1

ωT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ2on − σ2off

q

; ð1Þ

where VT is the deflecting voltage, ω is the angular rf, L is
the drift length from the TDC to the phosphor screen,p is the
momentum in the longitudinal direction, and σon and σoff are
the horizontal beam sizes when the TDC is on and off,
respectively. T ¼ eVTL=pc is called the skewing strength
and can be calibrated by measuring the deflection of the
bunch centroid as a function of the rf phase. Concerning the
temporal resolution, σoff should be as small as possible. The
temporal resolution is defined by σoff as [51]

σtres ¼
pc

eVTωL
σoff ¼

1

ωT
σoff : ð2Þ

Note that the bunch length can be measured only where
the TDC is placed.

FIG. 1. (a) Phase space of the electron bunch generated by the
ECC-rf gun simulated by GPT calculations. The colors show the
energy difference. (b) Cavity structure and principle of operation
of the ECC-rf gun.

TABLE I. Parameters of the experimental condition.

Cathode material CsTe
Charge [pC] 120
Laser wavelength [nm] 262 (4th harmonic

of Nd:YLF)
Laser pulse energy [μJ] <8
Laser pulse width [ps, rms] 4
RF power to the gun [MW] <9.25
RF pulse width [μs] 2.0
Repetition rate [Hz] 5
Electric field on cathode [MV=m] 77
Beam energy [MeV] 3.8

TABLE II. Parameters of the TDC.

RF frequency [MHz] 2856
RF power to the TDC [MW] <0.75
Deflecting voltage [MV] ≈1
Drift space to phosphor screen [cm] 74
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B. Experimental setup

A schematic of the experimental setup is shown in Fig. 3.
The 262 nm, 4 ps (rms) laser pulse, which is the fourth

harmonic of the Nd:YLF mode-locked laser, is guided to
the Cs-Te photocathode [65] almost perpendicularly by a
holed mirror inside the beam pipe. The TDC was placed at
three different distances from the cathode to measure the
bunch length at different points: 155, 223, and 300 cm. The
waveguide was extended each time. The positions of
quadrupole magnets and the phosphor screen relative to

the TDC was kept constant, so that the results could be
simply compared. The drift space from the TDC to the
phosphor screen was kept to 74 cm. The input power and
phase of the rf are controlled by the attenuator and the
phase shifter. The maximum peak power of the klystron is
10 MW and the maximum power provided to the TDC is
750 kW. Since the klystron power is limited, the peak
electric field at the cathode is limited to less than the ideal
value of 100 MV=m. The repetition rate of the rf is 5 Hz.
Using the values in Table I, GPT simulation indicates
bunch length of 337 fs at Z ¼ 302 cm, as shown in Fig. 4.

IV. RESULTS

First, we show the rf phase dependence of the charge and
beam energy in Fig. 5.
An electron beam with a charge of 120 pC and an energy

of 3.8 MeV is generated at a rf phase of 25 °. As shown

FIG. 2. Principle of the bunch length measurement. The vertical
magnetic field streaks the electron bunch horizontally. TDC:
transverse deflecting cavity.

FIG. 4. Expected performance of the ECC-rf gun simulated by
GPT. Expansion of the bunch length caused by space charge
effect can be seen at Z > 270 cm.

FIG. 5. Phase dependence of the charge and beam energy of the
ECC-rf gun.

FIG. 6. (a) Example of a nondeflected beam profile. Deflected
beam profiles when the TDC is placed at (b) Z ¼ 155 cm,
(c) Z ¼ 223 cm, and (d) Z ¼ 300 cm.

FIG. 3. Schematic of the experimental setup when the TDC is
installed at Z ¼ 300 cm. The acronyms are as follows: LLRF:
low-level rf, ATT: attenuator, PS: phase shifter, CT: current
transformer, and TDC: transverse deflecting cavity.
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below, the electron bunch is most compressed at this phase.
The deflected beam profiles when the TDC is placed at
Z ¼ 155 , Z ¼ 223 , and Z ¼ 300 cm are shown in Fig. 6.
The off profile is an example of the TDC positioned
at Z ¼ 155 cm.
A smaller horizontal beam size downstream indicates a

shorter bunch length. By analyzing these images, the bunch
length can be determined using Eq. (1). The bunch lengths
at different points are summarized in Table III.
The bunch lengths were obtained from the average of

five beam profile images. The numbers after � are standard
deviation. We successfully confirmed the bunching effect
of the ECC-rf gun. The minimum bunch length obtained
was 323 fs at Z ¼ 300 cm and 120 pC. The bunch length
with respect to the rf phase at three different positions is
shown in Fig. 7.
Note that the experimental value of the charge is not kept

constant in Fig. 7. They vary as shown in Fig. 5. Our TDC
is composed of two cells and the total cell length is
73.04 mm. The measured bunch length is the average
within this range. One concern is the bunch lengthening
caused by the transverse focus achieved by the quadrupole
magnets. As shown in Fig. 4, GPT shows 224 fs at Z ¼
319 cm without quadrupole magnets. 113 fs bunch length-
ening and shift of the most compressed position occur due
to the space charge effect.

V. PHASE SPACE MEASUREMENT

The principle for measuring the longitudinal phase space
distribution is depicted in Fig. 8.
The combination of the TDC and the bending magnet

enables us to visualize the longitudinal phase space dis-
tribution to the alumina phosphor screen. The TDC

TABLE III. Measured bunch lengths.

Z [cm] 155 223 300
σt [fs] 2027� 70 694� 46 323� 13

FIG. 7. Measured bunch lengths at three different positions as a
function of the rf-accelerating phase. The dashed lines represent
GPT simulations with a bunch charge of 100 pC.

FIG. 8. Schematic of the longitudinal phase space measure-
ment. The horizontal magnetic field in the TDC streaks the
electron bunch vertically and the bending magnet disperses the
electrons horizontally.

FIG. 9. Longitudinal phase space distribution obtained by
(a) measurement with the TDC and a bending magnet and
(b) GPT simulation at the position of Z ¼ 155 cm. The slopes
of the linear chirp are (a) 27.4 keV=ps and (b) 35.0 keV=ps.
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stretches the temporal profile vertically, and the bending
magnet disperses the electrons horizontally according to
their kinetic energy. Note that the TDC was rotated 90°
compared to the bunch length measurement setup. The
experimental results and with the GPT simulation are
shown in Fig. 9.
The image in Fig. 9(a) is the average of five images. The

standard deviation of the centroid position, which corre-
sponds to the bunch arrival timing jitter, is 127 fs. The bunch
length jitter is 25 fs. The main factor of the jitter is the
photocathode drive laser. We have successfully confirmed
the generation of a linearly chirped electron bunch from the
ECC-rf gun, which is required for effective velocity bunch-
ing. The slope of the energy chirp was determined to be
27.4 keV=ps experimentally and 35.0 keV=ps by GPT
simulation. The experimental results were consistent with
the simulation results in terms of not only the phase space
measurement but also the bunch length measurement. We
have clarified the proper operation of the ECC.

VI. SUMMARY

Ultrashort electron bunch generation by the ECC-rf gun
was performed and evaluated by direct measurement using
a TDC. In our previous study, we estimated the bunch
length by measuring coherent THz radiation and concluded
that the bunch length was less than 500 fs [49]. In this
study, we conducted a precise measurement using a TDC.
We measured the bunch length at three different positions
and successfully confirmed the velocity bunching. The
minimum value demonstrated was 323� 13 fs at a dis-
tance of only 3 m from the photocathode. Furthermore, one
can even shorten the distance by introducing a chicane. It
should be highlighted that this achievement was obtained at
120 pC, which is an order of magnitude higher than the
general bunch charge. It is expected that if we could feed
the ECC-rf gun with a more powerful rf source, an even
shorter bunch length and shorter distance could be
achieved. Simulations with 110 MV=m at the cathode,
which corresponds to a klystron power of 23 MW, indicate
a bunch length of 127 fs at Z ¼ 264 cm. We have also
measured the longitudinal phase space distribution with the
TDC and a bending magnet. The linear energy chirp was
confirmed with good agreement to the simulation results.
In summary, we have demonstrated the generation of a

highly charged ultrashort electron bunch by means of an
ECC-rf gun. Applications such as UED/UEM, femtosec-
ond pump-probe experiments, and THz radiation sources
can be expected. Injection into an undulator would be an
interesting experiment for intense THz generation.
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