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The interaction of light and electrons has been one of the important frontiers for generating ultra-
short electron pulses in free-electron lasers, ultrafast science, and dynamical analysis of matter. However,
the generation of a relativistic attosecond electron beam remains a challenge. In a photocathode radio-
frequency (rf) gun, this work identifies a regime for obtaining an isolated or a train of relativistic attosecond
electron pulses. A photoelectron beam is generated from the cathode under the illumination of a driving
laser pulse in the electron gun, which is subsequently microbunched to optical wavelength scale by the
field of a synchronized radially polarized laser (RPL) pulse that is focused near the cathode surface. The
rf field in the gun cavity simultaneously accelerates the electron pulse to several MeV. The rf field causes
a velocity differential inside the electron beam as it passes into the region near the focal point of the RPL
(microbunching is processed), and the microbunch at the head is substantially faster than that at the tail.
Using this knowledge, the spacing between consecutive microbunches, referred to as bunch spacing, may
be controlled across a wide range by regulating the velocity difference, which can be accomplished by tun-
ing the phase and amplitude of the rf field. Numerical simulations show that a train of attosecond bunches
with tunable bunch spacing can be generated using realistic laser parameters corresponding to current GW-
power-level laser systems, and an isolated attosecond pulse can be obtained when the driving laser pulse
is about 50 fs. This regime may result in opportunities in ultrafast electron diffraction and microscopy,
free-electron lasers, and other applications that require high-energy electrons with the temporal structure
of single-cycle light.
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I. INTRODUCTION

X-ray and electron beams are important probes for
understanding the microscale world and ultrafast pro-
cesses. Compared with an X-ray beam, a relativistic
electron beam with subpicometer de Broglie wavelength
can achieve higher spatial resolution detection. By using
pump-probe technology, MeV ultrafast electron diffraction
(UED) has revealed several ultrafast dynamic processes
that have not been seen before [1–4], providing a tool for
the development of research frontiers. In order to further
extend and improve its function, shorter electron bunches
are in great demand for achieving a higher time resolu-
tion. In x-ray free-electron laser (FEL) facilities, radiation
is generated by sending a relativistic electron beam through
a series of undulators [5–7], so the x-ray pulse width is
largely dependent on the pulse width of the electron beam.

In recent years, attosecond science has brought many
opportunities for time-resolved spectroscopy and imaging
technology [8,9], and also promoted the development of

*hezhg@ustc.edu.cn

attosecond electron pulses [10–17]. Optical field modu-
lation is widely studied in obtaining attosecond electron
bunches [11–14] because of the ultrashort period length
of optical pulses. The physics behind this effect is simple.
Electrons at different positions in the optical wavelength
are accelerated or decelerated under the action of the
optical field, and velocity difference is introduced in the
beam. After a certain drift distance, the velocity modu-
lation transforms into density modulation, which means
that the electron beam is microbunched at the optical fre-
quency leading to the generation of a train of attosecond
electron pulses. The key to this physical process is how
to prevent the periodic electromagnetic acceleration and
deceleration of the propagating electrons in the optical
field cycles from canceling out after passing through the
laser focus. To achieve this goal, researchers have con-
tributed various ideas. A thin membrane is introduced into
the transport line of the electron beam. The membrane is
also transparent to the laser beam, but a refractive index
of approximately 2 in combination with thin-layer inter-
ferences generates a phase shift between the incoming
and outgoing electromagnetic waves. Therefore, the peri-
odic electromagnetic acceleration and deceleration of the
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propagating electrons in the optical field cycles before and
after the membrane do not cancel out after passage through
the laser focus [11]. Two optical fields at different frequen-
cies are used to form a ponderomotive force in the direction
of electron propagation and make the propagation velocity
of the traveling wave synchronized to the electron veloc-
ity, leading to the generation of an optical standing wave
in the electrons’ rest frame [12]. In order to obtain an iso-
lated attosecond electron pulse rather than a pulse train,
the two methods mentioned above have been extended.
For the former, a single-cycle modulation laser pulse is
adopted [13]. An additional third laser pulse with different
frequency is introduced in the latter to form a transverse
momentum modulation in the electron beam, which leads
to microbunches in the pulse train being separated in the
transverse space [14]. These demonstrations are all car-
ried out for nonrelativistic electron beams. However, these
above methods put an extremely high demand on the opti-
cal pulse power in order to bunch the relativistic electron
beam.

At present, MeV ultrafast electron diffraction facilities,
in which the electron beam is generated in a photocathode
radio-frequency (rf) gun, can provide electron bunches of
approximately 20 fs with the help of the magnetic com-
pression technique [18,19]. Furthermore, the experimental
demonstration of a Coulomb-driven bunch compression
process opens a way to obtain shorter bunches in UED
facilities [20]. However, it is still an open challenge to gen-
erate subfemtosecond electron pulses in a photocathode rf
gun.

II. PRINCIPLE

In this paper, we identify a regime to generate an iso-
lated or a train of relativistic attosecond electron pulses in
a photocathode rf gun. The cathode is a smooth oxygen-
free copper surface, which can be considered as an ideal
mirror for an infrared laser. A schematic illustration of the
proposed setup is shown in Fig. 1(a). A horizontally polar-
ized laser at a central wavelength of 800 nm is split into
two pulses. One passes third-harmonic generation (THG)
to generate a 266.7-nm ultraviolet (UV) pulse, which is
used to drive the photocathode for photoelectron bunch
emission. The other is converted into a radially polarized
laser (RPL) pulse by a commercial vortex wave plate (the
transmission efficiency can reach 99%). The RPL is then
focused by an off-axis parabolic (OAP) to form an axial
optical field in the region of the focal point, and this axial
field can interact with the electron beam [21–24]. The syn-
chronization of these two laser pulses can be controlled
by the optical delay line. In order to get a high interac-
tion efficiency, the RPL is focused after being reflected by
the cathode surface, so that it moves in the same direction
as the electron beam. The cathode surface is very close to
the focal point. As a boundary, it breaks the symmetry of

the periodically axial electric field. Therefore, the electrons
can be accelerated or decelerated (energy modulation) and
then bunched into ultrashort microbunches (density mod-
ulation). The rf field in the gun cavity simultaneously
accelerates the electron pulse to several MeV. When the
beam moves into the region near the focal point of the
RPL, there is a velocity difference inside it caused by the rf
field, and the microbunch at the head is substantially faster
than that at the tail. Thus, the spacing between consecu-
tive microbunches, referred to as bunch spacing, may be
controlled across a wide range by regulating the veloc-
ity difference, which can be accomplished by tuning the
phase and amplitude of the rf field. Furthermore, the bunch
spacing can be optimized to about 10 times the RPL wave-
length, and an isolated attosecond electron bunch can be
generated when the bunch length at the beginning of the
bunching process is shorter than 2 times the bunch spacing.

III. NUMERICAL CALCULATION

Due to the phase slippage effect caused by the incon-
sistency between the speed of electrons and light, it is
difficult to get straightforward analytical estimates for the
entire physical process. Therefore, in the following, we
use numerical calculation results to illustrate this process.
The fields of a RPL with wavelength λ and wave number
k = 2π/λ can be written as [25]

Er
r = r
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Br
θ = Er

r/c, (3)

where sech(ωt − kz/ξ0) is the pulse envelope, E0 is the
field amplitude, ψ =ωt − kz + 2φG − [(z − L)/ZR](r2/w2)

+ φ0 is the field phase, φG = atan[(z − L)/ZR] is the Gouy
phase shift, ZR = (πw2

0/λ) is the Rayleigh length, w =
w0

√
1 + [(z − L)2/Z2

R] and w0 are the beam radius and
the beam radius at the waist, respectively, L is the focus
position as shown in Fig. 1(a), and ω is the angular fre-
quency. ξ0 = {ωτ/acosh[exp(1)]} is a parameter related to
the pulse duration τ , and c is the light velocity in vacuum.
The power of the RPL is

P = πw2
0m2

0c4k2

8η0e2 a2
0, (4)

where η0 = 120π� is the vacuum impedance, a0 =
[(eE0)/(m0c2k)] is the normalized vector potential, and
e and m0 are the charge and rest mass of an electron,
respectively.
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FIG. 1. (a) The schematic layout and (b) the phase space and current distribution of an electron beam after interaction with a RPL,
for two cases: with (right column) and without (left column) a cathode boundary.

As for rf fields, most rf guns use the TM011 mode whose
nonzero field components are [26]

Erf
z = E01J0(k01r) cos(kzz) cos(ω1t + φ01), (5)

Erf
r = kzE01J1(k01r) sin(kzz) cos(ω1t + φ01), (6)

Brf
θ = kz/cE01J1(k01r) cos(kzz) sin(ω1t + φ01), (7)

where E01 is the field amplitude, k01 is the 1st zero of the
0th-order Bessel function, ω1 is the rf angular frequency,
kz = π/l is the longitudinal wave number, and l is the
cavity length.

In the calculation, a 1.6-cell, S-band (2856-MHz) gun is
used. The parameters of the RPL are set as λ = 0.8 μm,
φ0 = 0, τ = 1 ps, w0 = 10 μm, and L = 70 μm in the full
text. For a larger focus position L, the average energy of
the electron beam is higher at this position, and a more
intense RPL should be used to bunch the electron beam
while the laser-induced damage threshold of the copper
surface must be taken into account. In vacuum condition,
the multipulse laser-induced damage threshold of the cop-
per surface could be twice as high as that in air, and the
measured value is about 1.44(+1.44, −0.76) J/cm2 for an
infrared laser when the pressure is 5 × 10−5 Pa [27]. For
the photocathode rf gun, the background pressure is about
1 × 10−8 Pa, so we set a maximum limit of a0 = 0.0018,
which corresponds to laser energy density F ∼ 1.47 J/cm2

and F ∝ a2
0.

Firstly, we discuss the interaction of the RPL and
electron bunch in the rf gun, and two scenarios with and

without a cathode boundary are considered, as shown
in Fig. 1(b). The parameters of the rf field are E01
= 60 MV/m, φ01 = 280◦. If an electron bunch interacts
with a RPL over an infinite region (z = −∞ to ∞), it
will experience both accelerating and decelerating phase
regions of the laser fields, and then the net energy gain
is zero [see the middle panel of the left-hand column
of Fig. 1(b)], which means that the electron bunch can-
not be modulated [see the bottom panel of the left-hand
column of Fig. 1(b)]. When the photocathode is intro-
duced as a boundary, the interaction distance is limited
to a finite region around the laser focus. In this way, the
electron bunch energy can be modulated [see the mid-
dle panel of the right-hand column of Fig. 1(b)], and the
density modulation can be formed after a certain drift dis-
tance [see the bottom panel of the right-hand column of
Fig. 1(b)].

Figure 2 shows the bunching results of an electron
beam for different rf field amplitudes and phases. As
shown in Fig. 2(a),(d),(g), the optical field introduces an
energy modulation into the electron beam, which gradu-
ally transforms into density modulation. Meanwhile, the
rf field makes the electrons at the head move faster than
those at the tail, resulting in the stretching of the elec-
tron beam, which makes the bunch spacing longer and
longer until the beam is accelerated to relativistic speed
and the density distribution is frozen. The elongation of
bunch spacing is determined by the velocity difference
within the electron beam during the bunching process. As
shown in Fig. 2(a)–(f), the bunch spacing varies with the
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FIG. 2. Longitudinal phase space of the electron beam at the beginning of electron-laser interaction (a),(d),(g) and after the interac-
tion and rf acceleration (b),(e),(h). Current distribution of the bunched electron beams (c),(f),(i). (a)–(c) a0 = 0.0018, E01 = 60 MV/m,
φ01 = 280◦; (d)–(f) a0 = 0.0015, E01 = 40 MV/m, φ01 = 280◦; (g)–(i) a0 = 0.0018, E01 = 40 MV/m, φ01 = 300◦. The beam head is
on the right-hand side and the beam tail is on the left-hand side, also for the subsequent figures.

rf field amplitude. For higher field amplitude, the average
energy of the electron beam is higher at the beginning of
electron-laser interaction. Thus, the velocity difference is
smaller, and the bunch spacing is shorter. Based on the
same principle as above, it is not difficult to see that the
bunch spacing of the electron beam can also be tuned by
adjusting the phase of the rf field, as seen in Fig. 2(d)–(i).

Hence, the bunch spacing can be optimized to several
times the RPL wavelength, and an isolated attosecond
electron bunch can be generated when the driving laser
pulse length is set as an appropriate value, as shown in
Fig. 3. The parameters are set as follows: a0 = 0.0018,
E01 = 60 MV/m, φ01 = 280◦. The driving laser pulse is
50 fs, which can be achieved by a commercial laser sys-
tem. When the rf parameters are set as in Fig. 2(g)–(i), the
driving laser pulse width for obtaining an isolated electron
pulse can be increased to about 70 fs.

IV. SIMULATION WITH SPACE CHARGE EFFECT

So far, the calculation results have not considered the
space charge effect. In the following, we demonstrate the
proposed scheme by using a three-dimensional relativistic

(a) (b)

FIG. 3. The phase space (a) and current distribution (b) of the
electron beam.
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FIG. 4. Longitudinal phase space (a),(c) and current distribu-
tion (b),(d) of the electron beam. (a),(b) Charge: 0.0125 fC;
(c),(d) charge: 0.025 fC.

particle tracing simulation with the General Particle Tracer
code [28]. The space charge effect is included and the
simulation is performed for the above scenario of gen-
erating an isolated attosecond pulse. The initial electron
bunch follows uniform distributions in both longitudinal
and radial directions within the bunch. The radius and
length are set to 5 μm and 50 fs, respectively, and the ini-
tial kinetic energy hν −
eff = 0.4 eV, where hν is the UV
laser photon energy and 
eff is the effective work function
of copper. Using the thermal emittance calculation model
[29] given by εn = σx

√
[(hν −
eff)/(3m0c2)], where m0c2

is the electron rest mass energy and σx is the transverse
rms laser beam size on the cathode, we get that the initial
thermal emittance is 1.275 × 10−3 mm mrad.

As seen in Fig. 4, the electron bunch is broadened due
to the space charge effect. In order to get subfemtosec-
ond electron beams, the bunch charge must be very low.
It is worth noting that, for other methods of generating

(a) (b)

FIG. 5. The electron beam distribution at 0.55 m away from
the cathode surface without Bz (a) and with Bz = 0.162 T (b).

FIG. 6. The ratio of bunch spacing to RPL wavelength as a
function of rf field amplitude with optimized laser power (φ01 =
280◦).

attosecond electron bunches, the generated electron pack-
ets consist of very few or even single electrons [10–17].

The transverse size of the electron bunch is expanded by
the action of the transverse field, as seen in Fig. 5(a), where
the bunch charge is 0.025 fC. So a solenoid field is added
into the simulation, which is a conventional configuration
of a photocathode rf gun. The center of this field is set
at 0.2 m away from the cathode surface, and the effective
length is 0.2 m. As shown in Fig. 5(b), with this external
magnetic field, the electron beam is focused to a smaller
size at a specific position, and an isolated electron bunch
with a full width at half maximum (FWHM) of 5.4 fs is
obtained.

Figures 6 and 7 show the ratio T of bunch spacing to
RPL wavelength as a function of rf field amplitude and

FIG. 7. The ratio of bunch spacing to RPL wavelength as a
function of rf field phase with optimized laser power (E01 =
40 MV/m).
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FIG. 8. Simulation results of the transverse emittance (E01 =
60 MV/m, φ01 = 280◦).

phase, respectively, with optimized laser power. The pulse
length of the driving laser is 400 fs and the total bunch
charge is set as 0.2 fC. The bunch spacing will change due
to the space charge effect. Although the average energy of
the electron beam varies from 2.84 to 1.18 MeV due to the
changes of amplitude and phase of the rf field, the emit-
tance of the electron beam can be basically the same. In
these two figures, the optimized laser power is the same for
the two cases with and without space charge force (SCF).

V. APPLICABILITY AND KEY ASPECTS

To illustrate the applicability of this scheme, the
influence of main parameters on the beam quality is

FIG. 9. Simulation results of the pulse width (FWHM) as a
function of the bunch charge (φ01 = 280◦).

No jitter

rf amplitude jitter 0.01%

Laser energy jitter 1%

rf phase jitter 0.05°

FIG. 10. Simulation result of the current distribution as influ-
enced by the laser energy jitter, phase jitter, and rf amplitude
jitter.

studied. The transverse emittance or brightness of the
electron beam is the basic beam parameter that may indi-
cate its utility for most applications. As seen in Fig. 8,
the increase of normalized emittance caused by the RPL
is only 5%. Using the normalized beam brightness calcu-
lation formula [26] given by Bn = [(2I)/(π2εxεy)], where
I is the peak current, εx is the normalized xx′ trace space
emittance, and εy is the normalized yy ′ trace space emit-
tance, we get that the brightness is about 282 A/mm2mrad2

for the electron beam shown in Fig. 5(b). The length of
microbunches is another factor that affects application. As

FIG. 11. Simulation result of the arrival time jitter at 0.55 m
as influenced by the phase and rf amplitude fluctuation (E01 =
60 MV/m, φ01 = 280◦).
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shown in Fig. 9, the pulse width is closely related to the
bunch charge. To obtain a subfemtosecond electron bunch
(rms), the amount of charge in a single microbunch should
be lower than 0.01 fC.

Furthermore, the jitter of laser energy, rf phase, and rf
field amplitude may also have an impact on the bunching
result. As seen in Fig. 10, the critical factor is the phase
jitter, which does not cause a change of pulse width, but
makes the peak position being offset from the center of the
bunch. For the application of MeV UED, the arrival time
jitter, which is the fluctuation of the time of flight of the
electron beam from the cathode to the sample, is a critical
performance indicator. Obviously, 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. Figure
11 shows the simulation results of the arrival time jitter at
0.55 m (sample position) as influenced by the phase and rf
amplitude fluctuation. The synchronization between laser
and rf signal can be controlled to sub-10 fs rms [30], which
corresponds to 0.01◦ phase jitter for a rf of 2856 MHz.
With the help of low-level rf system, the long-term stability
of the rf phase and amplitude can be further improved, and
a beam energy fluctuation of 6.57 × 10−5 rms is achieved
in SwissFEL [31]. By adopting the above technologies, the
arrival time jitter of the proposed scheme can be about 5
fs, which might be further suppressed to a subfemtosecond
level by using a bimodal rf gun [32] and a double-bend
achromatic structure [18,19].

VI. CONCLUSION

In summary, we have identified a regime to generate a
relativistic attosecond electron pulse train and an isolated
attosecond pulse in a photocathode rf gun. According to
our study results, electron pulses of hundreds attoseconds
in length can be generated by using a mature photocath-
ode rf gun and commercial GW-power-level laser system.
The emittance of the electron beam can be close to the ini-
tial thermal emittance, and the brightness can reach a level
of 100 A/mm2mrad2. The proposed regime may enable
existing MeV UED facilities to achieve a higher time reso-
lution and open up many opportunities for other frontier
researches that need ultrashort pulses, such as external
injection in plasma acceleration, inverse Compton scatter-
ing x-ray sources, etc. In addition, for the attosecond pulse
train, the tunability of the bunching wavelength will bring
a solution for a more compact and tunable FEL source. We
expect this regime to have a strong impact on future devel-
opment of ultrashort-pulse electron-beam-based scientific
facilities and applications.
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