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Herein, we propose a technique for megaelectronvolt ultrafast electron diffraction that can achieve a
few-femtosecond time resolution. The technique modulates a relativistic electron beam using two radi-
ally polarized laser pulses of varying frequencies, which enable the condensation of the electrons into an
ultrashort pulse. Moreover, our study shows that this technique can suppress the arrival-time jitter of the
electron beam at the sample location. Numerical simulations show that using realistic laser parameters
corresponding to the current gigawatt-power-level laser systems, a 3.3-fs (rms over 45% charge) electron
beam can be obtained and the arrival-time jitter can be 1.35 fs (rms). This technique may have a consider-
able impact on ultrafast electron diffraction, microscopy, and other ultrafast research facilities that require
few-femtosecond electron beams with a small time jitter.
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I. INTRODUCTION

Ultrafast electron diffraction (UED) with femtosecond
temporal resolution and angstrom spatial resolution is an
important tool for understanding the structural transitions
in biology, chemistry, material science, etc. [1–9].

Most UED facilities normally employ photocathode
high-voltage guns to generate and accelerate electron
beams to an energy range of tens to hundreds of kiloelec-
tronvolts [10–12]. Due to the space-charge effect and the
temporal dispersion during the dc acceleration, the electron
beam will be broadened, which limits the time resolution.
Many methods have been proposed to compress electron
beams at the kiloelectronvolt energy level [13,14]. How-
ever, in order to achieve a high time resolution, the electron
beam can only contain hundreds of electrons at the most.

With a given amount of electron charge, a shorter elec-
tron pulse duration is achievable with relativistic electron
beams at the megaelectronvolt energy level compared to
nonrelativistic electron beams at lower energies [15,16].
Furthermore, a megaelectronvolt UED based on a photo-
cathode rf gun is widely used in pump-probe experiments,
taking advantage of the fact that the drive pulse is tightly
synchronized with the pump pulse. Several studies have
been done to achieve single-shot megaelectronvolt UED
based on a photocathode rf gun [17–21]. The time resolu-
tion is mainly limited by the pulse duration and time jitter
of the electron beam. Therefore, one of the long-term goals
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is to produce ultrashort electron beams with a small time
jitter.

In recent years, many methods have been studied to
improve the time resolution of megaelectronvolt UED
based on a photocathode rf gun [22–31]. Two optical fields
at different frequencies in vacuum are used to form a
ponderomotive force in the direction of electron propaga-
tion and the propagation velocity of the traveling wave is
synchronized to the electron velocity, leading to a com-
pression of the electron beam and the formation of an
ultrashort pulse. To match the velocity of relativistic elec-
tron beams, the two laser pulses need to be incident at a
small angle, which is difficult to achieve [22,23]. Mega-
electronvolt electron beams can be compressed to 10 fs
(rms) by using a rf buncher; however, the arrival-time jit-
ter of the compressed bunch increases to above 100 fs
[24,25]. With the Coulomb force from the front and back
drive electron beams, the target beam at the central posi-
tion has been compressed to less than 50 fs [26]. The
electron beam can be compressed to subfemtoseconds by
the field of a synchronized radially polarized laser (RPL)
pulse that is focused near the cathode surface [27]. In the
scheme, the electron beam is modulated at a low energy
(kiloelectronvolts) and then the modulated electron beam
is accelerated to several megaelectronvolts by the rf field
in the gun cavity. Since the electron beam interacts with
the laser at a low energy (kiloelectronvolts), the capacity of
the bunch charge is low. By replacing the aforementioned
rf buncher with a terahertz-driven buncher, megaelectron-
volt electron beams can be compressed to about 30 fs (rms)
and the arrival-time jitter can be reduced to about 30 fs
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[28,29]. With a double-bend achromat compressor, 20-fs
megaelectronvolt electron beams have been obtained and
the arrival-time jitter is below 20 fs [30,31]. Although there
are many advances in megaelectronvolt UED, the genera-
tion of few-femtosecond high-charge electron beams with
a few-femtosecond time jitter still remains a challenge.

II. PRINCIPLE

In this paper, we identify a regime to compress a rel-
ativistic electron beam by using the longitudinal-electric-
field components of two-color RPL pulses (a linearly
polarized infrared laser can be converted into a RPL pulse
by a commercial vortex wave plate and the transmis-
sion efficiency can reach 99%). The schematic layout is
shown in Fig. 1(a). An electron beam is emitted from the
photocathode under the illumination of a third-harmonic
drive-laser pulse (266.7 nm) and accelerated rapidly to sev-
eral megaelectronvolts by the rf field in the gun cavity.
Then, the relativistic electron beam interacts with two RPL
pulses (focused by an OAP mirror) of different frequencies
near the focal position. The time interval corresponding
to the frequency difference of the two-color RPL pulses is
approximately equal to the duration of the electron beam;

thus most of the electrons can be bunched into an ultrashort
density peak after two-color energy modulation and a free-
space drift. The frequency difference of the two RPL pulses
can be adjusted to compress electron beams with different
pulse durations. In addition, this scheme can suppress the
arrival-time jitter caused by the phase and amplitude jit-
ter of the rf field in a photocathode rf gun. For instance,
our numerical demonstration shows that a 140-fs electron
beam of 8.0 fC charge can be compressed to a 3.3-fs (rms)
spike that contains 3.6 fC charge and the arrival-time jitter
can be reduced from 9.8 fs (rms) to 1.35 fs (rms).

The physics behind this scheme is illustrated in this
section. Direct acceleration of electrons in an infinite vac-
uum by focused RPL pulses with terawatt- (TW) level
peak power is particularly attractive [32–37]. Electrons
are accelerated by the strong longitudinal-electric-field
component, while the radial field components confine the
electrons close to the optical axis. The main difficulty of
accelerating electrons in vacuum is that the phase velocity
of the laser pulse is higher than the velocity of the elec-
trons, which leads to a phase slippage between the elec-
trons and the laser pulse. Thus, the electrons pass through
the periodic acceleration phase and deceleration phase of
the laser field and cannot gain net energy from a plane
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FIG. 1. (a) The schematic layout. (b) The longitudinal-field-superposition diagram of two-color RPL pulses: the blue circles rep-
resent the electrons that drift to form density modulation and the blue arrows indicate the drift trajectories. (c)–(f) The longitudinal
phase space and the current distribution of the electron beam, (c) before modulation at 0.5 m downstream of the photocathode surface,
(d) at the focus location, which is 0.535 m downstream of the photocathode surface, (e) after modulation at 0.57 m downstream of
the photocathode surface, and (f) at the sample location, which is 0.951 m downstream of the photocathode surface. OAP, off-axis
parabolic, which is used to focus the RPL. Solenoids 1 and 2 are used to focus the electron beam and the camera is used to measure
the diffraction pattern.
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wave or a pulse wave. For the focused RPL pulse, the field
amplitude of the laser pulse increases when it approaches
the focal plane and then decreases as it leaves the focal
plane. The relativistic electrons, the velocity of which is
close to the velocity of light, interact with the laser pulse,
making it stay in the acceleration half cycle for a long time.
When the electrons enter the deceleration half cycle, the
field amplitude of the laser, which is inversely proportional
to the square of the spot radius, is weakened by the diffrac-
tion effect. For example, to make a simple estimate, using
the parameters listed in Table I and ignoring the change of
laser phase velocity, the time of the electron beam slipping
a half phase cycle is λ/2(1 − β)c = 0.262 ps, where λ is
the laser wavelength, β is the normalized electron veloc-
ity, and c is the speed of light. After this time interval, the
field amplitude of the laser can be reduced by a half. The
electrons will experience a few asymmetric acceleration
and deceleration cycles until the laser axial field disap-
pears. In this way, a net energy gain can be obtained by
the electrons. In this paper, two-color RPL pulses with
gigawatt- (GW) level peak power are used to modulate
rather than accelerate a relativistic electron beam. First,
we ignore the influence of the phase-slippage effect. In this
case, it is similar to the modulation of the electron beam
in the vicinity of a nanostructure that is excited by incident
light fields with two frequencies [38]. In the slowly varying
envelope approximation, the energy modulation obtained
by the electron beam near the laser focus can be written
as �E(t) = E0(t) cos(ωt − φ), where E0(t) is the temporal
envelope of the energy-modulation amplitude of the elec-
trons, ω is the laser angular frequency, and φ is the phase
of the energy modulation. Using two-color RPL pulses,
the energy modulation becomes�E(t) = E01(t) cos(ω1t −
φ1)+ E02(t) cos(ω2t − φ2). Assuming that the two-color
RPL pulses have the same temporal envelope and that
φ1 = −φ2 = π/2, the energy modulation can be simplified
as �E(t) = 2E0(t) sin((ω1 − ω2/2)t) cos((ω1 + ω2/2)t),
where the first term is the slowly varying part and the
last term is the rapidly oscillating part. After the energy
modulation, by setting an appropriate drift distance, the
electrons represented by the blue circles in Fig. 1(b) can
be compressed into a few femtoseconds, as indicated by
the blue arrows in Fig. 1(b). However, due to the phase-
slippage effect, the real situation is more complicated. At
the laser-focus location, the two-color RPL pulses catch
up and modulate the electron beam in Fig. 1(c). The real
longitudinal phase space of the electron beam obtained
by simulation at the laser-focus location can be seen in
Fig. 1(d). When passing through the focal location, the
electron beam continues to interact with the two-color
RPL pulses. The center of the electron beam has a slip-
page relative to the two-color RPL-pulse node. In the
meantime, the modulation amplitude of the electron beam
will decrease until the axial field of the laser disappears.
As mentioned above, as the size of the laser grows larger,

the axial field becomes weaker and the energy modulation
shown in Fig. 1(d) cannot be canceled out. Consequently,
the longitudinal phase space of the electron beam is shown
in Fig. 1(e). After passing through a free-space drift, the
energy modulation is converted into density modulation
at the sample location, as shown in Fig. 1(f). Due to the
phase-slippage effect, more electrons can be captured in
the density peak.

III. SIMULATION

In the following, we demonstrate the proposed scheme
by using a three-dimensional relativistic particle-tracing
simulation with the GENERAL PARTICLE TRACER code [39].
The derivation of the RPL fields can be found in Ref.
[27,34]. The space-charge effect is included and 50 000
macroparticles (one macroparticle for one real electron)
are used in the simulation. The main parameters are sum-
marized in Table I.

As shown in Fig. 1(c), due to the space-charge effect, an
initial 50-fs electron beam with uniform temporal distribu-
tion is broadened to more than 100 fs. The initial electron
beam can be replaced by a Gaussian distribution with a
full width at half maximum (FWHM) of 50 fs, which will
not affect the simulation results. Then, the electron beam
experiences the optical fields of the two-color RPL pulses
at wavelengths of 800 nm and 821.9 nm. The time interval
corresponding to the frequency difference of the two-color
RPL pulses is 100 fs. The duration of the two RPL pulses
is 0.2 ps, which needs to be greater than the time interval
corresponding to the frequency difference of the two-color
RPL pulses. For a given laser-pulse duration, beam waist
radius, and sample location, a laser energy of 1.4 mJ is

TABLE I. The main parameters.

Parameters Values

Parameters of the gun
Electric field amplitude E01 95 MV/m
Frequency 2856 MHz
Launch phase ψ 298◦
Output energy 4.561 MeV
Initial electron-beam parameters
Beam charge 8 fC
Number of electrons 50 000
Radius (uniform) 30 μm
Initial pulse duration (uniform) 50 fs
Thermal emittance 10.8 nm rad
Solenoid parameters
Solenoid strength 0.31 T
Effective length 0.2 m
Two-color RPL-pulse parameters
Pulse duration (Gaussian, FWHM) 0.2 ps
Radius at the focus location 5 μm
Wavelength 800 nm/821.9 nm
Pulse energy 1.4 mJ
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FIG. 2. The transverse beam size and the transverse normal-
ized emittance from the photocathode (z = 0 m) to the sample
location (z = 0.951 m). Enlargements of positions (d) and (f)
(see Fig. 1) are shown in the upper plots.

selected based on the simulation results. In addition, for a
1% laser energy jitter, there is almost no effect on the com-
pressed bunch length and the time for the electron beam
to reach the sample location. As shown in Fig. 1(f), at
the sample location, the electron beam is compressed to
3.3 fs (rms), which is the rms width of the electron beam in
the time window indicated by two dashed red lines corre-
sponding to the peak current dropping to 15%. The ratio of
electrons captured in the time window is about 45% and the
charge is approximately 3.6 fC. Meanwhile, to confine the
transverse beam size at the laser focus and sample location,
two solenoid fields are added in the simulation. Addition-
ally, the transverse normalized emittance of the electron
beam is important for UED, which affects the quality of the
diffraction patterns [40]. As shown in Fig. 2, the transverse
beam size at the laser focus and sample location is about
1 μm (rms) and the transverse normalized emittance at the
sample location is 13.1 nm rad, which is close to the initial
thermal emittance. At the range of ±1 mm from the sample
position, the duration of the electron beam and the trans-
verse normalized emittance is constant and the transverse
beam size is less than 2 μm (rms).

To obtain an electron beam with a larger charge, the
frequency difference of the two-color RPL pulses can be
reduced; thus the time interval corresponding to the fre-
quency difference will be longer. In this way, the energy
modulation obtained by the electron beam is more linear

and more electrons can be captured in the density peak.
However, a higher laser energy is needed. As shown in
Fig. 3, by reducing the frequency difference of the two-
color RPL pulses and increasing the laser energy to 2.8 mJ,
the charge of the electron beam in the same time window
can be increased from 3.6 fC to 4.85 fC. Furthermore, since
the time interval corresponding to the frequency difference
increases, a longer electron beam can be compressed.

IV. TEMPORAL RESOLUTION

The time resolution τ is a critical figure of merit. It can
be expressed as

τ =
√
τ 2

pump + τ 2
probe + τ 2

jitter + τ 2
VM, (1)

where τpump and τprobe are the pulse duration of the pump-
laser pulse and the probe-electron pulse, respectively. τjitter
is the arrival-time jitter between the pump-laser pulse and
the probe-electron pulse at the sample location and τVM
is the velocity mismatch term. The rms pulse width τpump
of the pump laser can reach a few femtoseconds or even the
subfemtosecond range. For micrometer or thinner samples,
τVM is negligible. To achieve a high time resolution, it is
necessary to reduce the arrival-time jitter.

For the photocathode rf gun, the phase and amplitude
jitter of the rf field will cause an energy fluctuation of the
electron beam, which leads to an arrival-time jitter. The
scheme we propose can suppress this jitter. Since the two-
color RPL pulses and the drive-laser pulse originate from
the same laser source, the phase error between them is
negligible. The electron beam generated from the photo-
cathode rf gun has an energy chirp, which is caused by the
space-charge effect. As shown in Fig. 1(c), the energy at

FIG. 3. The current distribution of the electron beam at the
sample location.
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FIG. 4. (a) The schematic diagram of jitter analysis. (b) The simulation result of the relative arrival time (τr) at the sample location
as influenced by the rf phase (ψ) and the rf electric-field-amplitude (E01) fluctuation. t0 is the time for the ideal electron beam to reach
the focal position.

the head of the electron beam is higher than that at the tail.
For an ideal situation, the center of the electron beam will
be modulated by the two-color RPL pulses, as shown in the
middle diagram of Fig. 4(a). When the energy of the elec-
tron beam increases due to the rf amplitude or phase jitter,
the tail of the electron beam meets the two RPL pulses and
this part of the electron beam, the energy of which is lower
than that of electrons at the center, as shown in the left dia-
gram of Fig. 4(a). Based on the same principle as above,
when the energy of the electron beam decreases, the head
of the electron beam, the energy of which is higher than
that of electrons at the center, is modulated, as shown in
the right diagram of Fig. 4(a). The energy difference of the
electrons in the modulated parts can be very small in these
three situations. It can be predicted that this scheme can
effectively suppress the time jitter. Figure 4(b) shows the
simulation results of the relative arrival time at the sample
location as influenced by the rf phase and amplitude fluc-
tuation. With the state-of-the-art technology achieved in
SwissFEL [41], the synchronization between the laser and
the rf signal can be controlled below 20 fs (rms), which
corresponds to 0.02◦ phase jitter for a rf of 2856 MHz
and a rf power fluctuation of 1.3 × 10−4 (rms), which is
twice the electric-field-amplitude fluctuation. By adopting
the above technologies, the arrival-time jitter can be kept
at about 1.35 fs (rms).

In addition, to generate a subfemtosecond electron pulse
with a subfemtosecond time jitter, we can reduce the length
of the second solenoid and increase the magnetic field
strength to make the sample location move closer to the
photocathode. For example, the pulse duration of the elec-
tron beam can be reduced from 3.3 fs (rms) to 0.94 fs (rms)
at 0.73 m away from the cathode surface and the time jitter
will be further reduced due to the reduced distance between
the modulation location and the sample location. However,
compared with the aforementioned solenoids, which are
widely used in photocathode rf guns, the solenoids used
here may be difficult in technical practice and as the sample

location moves closer to the photocathode, a higher laser
energy is required.

V. CONCLUSIONS

In conclusion, we demonstrate a scheme to reduce the
pulse duration and time jitter of a relativistic electron
beam through beam compression driven by two-color RPL
pulses. Simulation results show that a 3.6-fC electron beam
with a pulse duration of 3.3 fs (rms) can be generated
by using a mature photocathode rf gun and a commer-
cial gigawatt-power-level laser system, while keeping the
time jitter at 1.35 fs (rms). The transverse emittance of
the electron beam can be close to the initial thermal emit-
tance and the peak current can reach 0.48 A. The frequency
difference of the two-color RPL pulses can be tuned to
obtain an electron beam with a larger charge. By reduc-
ing the distance between the laser focus and the sample
and increasing the laser energy, the pulse duration and time
jitter of the electron beam can be reduced further. The pro-
posed scheme can be applied to megaelectronvolt UED
measurement and can achieve a very good time resolution.
We also hope that this scheme can be widely used in many
other research fields.
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