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Emerging accelerator concepts increasingly rely on the combination of high-frequency electromagnetic radia-

tion with electron beams, enabling longitudinal phase space manipulation which supports a variety of advanced

applications. The handshake between electron beams and radiation is conventionally provided by magnetic

undulators which unfortunately require a balance between the electron beam energy, undulator parameters,

and laser wavelength. Here we propose a scheme using laser-driven large-core antiresonant optical fibers to

manipulate electron beams. We explore two general cases using TM01 and HE11 modes. In the former, we

show that large energy modulations O(100 keV). can be achieved while maintaining the overall electron beam

quality. Further, we show that by using larger field strengths O(100 MV/m) the resulting transverse forces can be

exploited with beam-matching conditions to filter arbitrary phases from the modulated electron bunch, leading

to the production of ≈100 attosecond FWHM microbunches. Finally, we also investigate the application of the

transverse dipole HE11 mode and find it suitable for supporting time-resolved electron beam measurements

with sub-attosecond resolution. We expect the findings to be widely appealing to high-charge pump-probe

experiments, metrology, and accelerator science.

DOI: 10.1103/PhysRevResearch.5.013096

I. INTRODUCTION

Beyond the rigorously investigated static properties of mat-

ter, chemistry, and biology, the last decades have seen a large

pursuit toward the development of time-resolved studies. Such

pump-probe experiments are typically conducted under var-

ious and possibly extreme conditions and are paramount to

the development of novel scientific theories and models which

could enable future applications, technologies, and medicine.

In pump-probe experiments, a pump source (e.g., a high-

intensity electromagnetic pulse) is used to excite a sample

which is subsequently probed by, e.g., x-rays, electrons, or

with a suitable electromagnetic pulse. The resulting sample

response can be retrieved by varying the time separation be-

tween the pump and probe. State-of-the-art techniques based

on high-harmonic generation (HHG) [1], electron diffrac-

tion (UED) and microscopy [2], or x-ray free-electron lasers

(XFELs) [3] can now routinely reach femtosecond resolutions

with available femtosecond-scale laser pulses, electron bunch

lengths, and diagnostics.

Further extending our capacity to explore electronic mo-

tions which provide information on molecular dynamics at
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attosecond timescales has become highly sought after. While

significant progress has been realized in HHG sources [4] and

also in single-electron diffraction [5], there remain challenges

in developing suitable tools to explore attosecond science in

high-charge electron-based approaches, e.g., relativistic UED,

microscopy, and XFELs. The development of novel tech-

niques to produce and measure attosecond charged bunches

could yield insightful information and provide means to de-

velop ultrafast movies. Low-charge microbunched electron

beams have also been widely discussed for their potential in

electron microscopy [6–10].

Conventionally, laser-electron interactions are mediated

with magnetic undulators [11]. The undulator imparts a trans-

verse sinusoidal trajectory onto the electron beam which

enables phase matching and energy transfer with the trans-

versely polarized laser field. This technique has become

ubiquitous in advanced accelerator science, enabling the

development of laser heaters [12], FEL seeding schemes

[13–16], and the compression and acceleration of electron

beams [17,18]. However this approach has strict requirements

on the undulator parameters for a given electron beam energy

and laser wavelength which effectively limits the use of an

undulator to a dedicated beam energy for a particular wave-

length. This unfortunately leads to complex undulator designs

at particularly low and high energies.

Alternatively, grating-style dielectric laser accelerators

(DLAs) have recently been used to mediate laser-electron

interactions [19–23]. Here however, structures are side-

illuminated and rely on spatial harmonics that are evanescent

across the accelerating channel, thereby limiting their aper-

tures to approximately the laser wavelength to avoid nonlinear
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FIG. 1. Schematic of an ARF with an inner diameter D, sup-

ported by 10 AREs with wall thickness t and inner diameter d (a).

The numerically calculated loss diagram for the TM01 and HE11

modes is shown in (b), illustrating the antiresonant low-loss bands.

fields which lead to beam quality degradation, e.g., emittance

growth; this also limits the use case to very low charges,

typically operating with single electrons per pulse. More-

over, mitigating beam losses in grating-DLAs requires the

use of asymmetric beams with large transverse aspect ratios

to enhance charge transmission through the small microm-

eter apertures. This restriction makes the widespread use of

grating-DLAs in conventional relativistic electron beams pro-

duced by radio-frequency accelerators challenging, mainly

due to typical round electron beam normalized emittances

being O(100 nm). The normalized emittance is a figure of

merit defined as ǫu ≡ 1/(mc)[〈u2〉〈p2
u〉 − 〈upu〉

2], where m is

the particle mass and c is the speed of light, along the trans-

verse (u =⊥) and longitudinal (u = z) directions. DLAs in

the form of cylindrical-symmetric photonic crystal fibers have

also been investigated [24–27], yet no experimental demon-

strations have been reported. Such cylindrical-symmetric

accelerators could be advantageous, enabling the use of co-

propagating TM01 modes used in conventional accelerators,

providing means to more efficient acceleration with longer

interaction distances while avoiding emittance growth. How-

ever, photonic crystal fibers with central core defects also

have strict tolerances with respect to the injected laser wave-

length, bandwidth, and mode shape to achieve synchronous

acceleration. Fabrication of these fibers is also generally chal-

lenging due to the strict ratios between sizes of the core

defect and surrounding channels. The development of di-

electric laser accelerators with channel sizes comparable to

the driving wavelength will likely require novel injectors

and sources beyond radio-frequency-based technologies with

picometer-level emittances. We note that another approach

to energy-modulated single electrons in thin foils has also

been realized [5]; however this scheme does not scale well

to high-charge beams where foils generally lead to signif-

icant beam quality degradation. More recently, antiresonant

photonic crystal fibers (ARFs) were invented [see Fig. 1(a)],

which support low-loss transmission of enormously broad-

band spectra [28,29]. ARFs have relatively large apertures

which relax the required electron beam parameters for effi-

cient transmission through the fibers as has been routinely

achieved in wakefield experiments at relatively high [30] and

low energies [31]. In this article, we investigate the application

of laser-driven ARFs with conventionally available electron

beams produced with radio-frequency technology [32–34].

We especially find that high-quality energy modulations can

be imparted with the monopole (TM01) mode using µJ-level

laser pulses. We further explore the use of mJ-level pulses

with larger field strengths and discover that the large trans-

verse forces can be exploited with beam-matching conditions

to selectively filter phases of the modulated electron bunch

with a collimator, creating attosecond microbunches. We also

report on the use of the dipole (HE11) mode and find it suitable

to support sub-attosecond temporal measurement resolutions

of charged beams. We expect our findings to have broad appli-

cations, especially in, e.g., high charge time resolved electron

diffraction, microscopy, and accelerator science in general.

II. ANTIRESONANT FIBERS

Antiresonant fibers utilize a series of antiresonant elements

(AREs) to confine radiation in a desired region. The simplest

and most widely studied geometry of ARFs is the so-called

revolver type [35]. Here as depicted in Fig. 1(a), ten capillaries

are attached to the fiber cladding, and support the propagation

of a largely broadband spectrum in the central core. The

capillaries have appropriate dimensions to be resonant with

the core mode, leading to large losses in the cladding [36–38]

when

λq =
2t

q

√

n2
g − n2

a, (1)

where t is the thickness of the capillaries, q is an integer

which defines the order of the resonance, and ng and na are

the refractive indices of the capillaries and core, respectively.

At wavelengths away from the resonances given by Eq. (1),

however, the radiation is generally confined within the core

with low losses. We note that ARFs are generally employed

with applications in nonlinear optics where the core is filled

with a gas with a particular pressure for the desired application

[39]. In this study we reserve our investigations to a vacuum

core, na = 1.

Compared to other types of hollow-core fibers, ARFs gen-

erally have lower overlap between the glass and the guided

mode, leading to a higher damage threshold, which facili-

tates the propagation of mJ-level pulses. Loss factors have

significantly improved in recent years due to novel designs

and improved fabrication techniques, achieving 0.174 dB/km

[40–42]. The loss coefficient is usually calculated numerically

with finite-difference techniques; see Fig. 1(b) for an exam-

ple of the calculated loss coefficient for the ARF waveguide

considered in this work. Although ARFs with core diame-

ters significantly larger than the antiresonant elements are

inevitably multimode, with careful design of the launch optics

it is possible to efficiently excite a selected mode.

Field descriptions were first discussed by Marcatili and

Schmeltzer [43] in a simple case of hollow-core dielectric

waveguides with infinite cladding based on a derivation from

Stratton [44]. Modern analytical approaches describing fields

in more complex, e.g., ring-type, ARFs rely on these general

field formulations albeit with modified propagation constants

[36]. We note that these derivations assume nonresonant con-

ditions and a large core diameter compared to the wavelength
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TABLE I. Hollow-core antiresonant fiber parameters.

description symbol value

hollow-core inner diameter D 157 µm

number of capillaries 10

capillary inner diameter d 40 µm

capillary wall thickness t 1.5 µm

fused quartz refractive index n 1.4373

v
T M
ph /c − 1 1.15 × 10−4

v
HE
ph /c − 1 4.54 × 10−5

(D ≫ λ), leading to propagation constants near free space

(kz ≈ k0).

We are particularly interested in the accelerating TM01 and

fundamental deflecting HE11 modes which take the form

TM01 =







Er = ik1kzJ1(k1r),

Ez = k2
1J0(k1r),

cBθ = ik0k1J1(k1r),

HE11 =











































Er = i
(

k2
z

J2(k1r)

k2
1

+ 1
r

J1(k1r)

k1

)

cos(θ ),

Eθ = i
(

k2
0

J2(k1r)

k2
1

− 1
r

J1(k1r)

k1

)

sin(θ ),

Ez = k0
J1(k1r)

k1
cos(θ ),

cBr = −ik0kz
J2(k1r)

k2
1

sin(θ ),

cBθ = ik0kz
J2(k1r)

k2
1

cos(θ ),

cBz = −k0
J1(k1r)

k1
sin(θ ),

(2)

where ω is the angular frequency, k0 = 2π/λ = ω/c is the

wave number in free space, kz = ω/vph is the propagation

constant, vph is the phase velocity, Jm is the Bessel function of

the first kind, θ is the angular coordinate, and k1 =

√

k2
0 − k2

z ;

for brevity, the complex propagation phase ei(ωt−kzz) has been

omitted from the equations. ARFs operating in vacuum sup-

port phase velocities beyond the speed of light (vph > c). We

note that in the optics community, the effective refractive

index is generally used and defined as neff = c/vph and is used

interchangeably below.

(a) (b)

FIG. 3. The effective refractive index (neff ) and dispersion are

shown in (a) and (b), respectively, for the TM01 and HE11 modes.

In the remainder of the paper, we consider an ARF with pa-

rameters described in Table I. The same fiber supports both of

the investigated modes. For completeness, the fields were also

calculated with the wave optics module in COMSOL [45] using

the finite-element method to solve Maxwell’s equations in the

frequency domain. The field maps for both the TM01 and HE11

modes are shown in Fig. 2 and are normalized to 1 W of input

power. The signature of the AREs is especially noticeable

in the longitudinal field components. The calculated fields

are in good agreement with the analytical descriptions except

in the vicinity of the AREs, where significant discrepancies

in the fields appear. The difference between the calculated

(E (c)
z ) and analytical (E (a)

z ) fields is estimated with the normal-

ized integrated longitudinal field components within the core:
∫ r=70 µm

0
dr

(E (a)
z −E (c)

z )

E
(c)
z

∼ 11%. Finally, in Fig. 3 we show the

calculated neff and electromagnetic dispersion as a function of

wavelength for both the TM01 and HE11 modes for a fiber with

dimensions described in Table I.

The large core sizes of ARFs potentially enable their

application with conventional charged particle beams with

micron-level emittances. A primary limitation to electron

beam interactions in ARFs is the distinction between massive

particle velocities (ve) being bound below the speed of light, in

contrast to the phase velocities (vph) of modes in ARFs being

bound beyond the speed of light. The interaction length before

FIG. 2. Field maps for the TM01 (left) and HE11 (right) modes. The field maps were generated with COMSOL and imported to our particle-

tracking simulations illustrated below. The antiresonant elements are especially noticeable in the outer portions of the longitudinal fields. We

note that a smaller area of the ARF cross section is illustrated here compared to Fig. 1.
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slipping by a half wavelength (λ/2) is given by

L <
λ

2
(

vph

ve
− 1

) . (3)

However, as we discuss below, submillimeter-scale ARFs

powered with sub-mJ pulses are sufficient to impart significant

longitudinal and transverse momentum distributions in the

ultrarelativistic regime.

The fields employed in our simulations were calculated

with COMSOL [45] and imported directly into ASTRA [46]

for beam dynamics simulations. Due to the relatively long

simulation times required with space charge, we also com-

pared results without space charge, to support the exploration

of a large parameter space. We found negligible differences

between simulations with and without space charge for the

used 500 fC charges. Beam-loading effects are not considered

in our work since no net energy is transferred via energy mod-

ulations. Similarly wakefields are anticipated to be negligible

due to the weak coupling between the subluminal electron

beam and the superluminal modes in the ARF.

Coupling into large aperture fibers with the fundamental

HE11 (also known as the LP01) is routine and yields typically

near-unity coupling efficiencies by optimizing the beam size

and divergence at the fiber entrance. Significant research has

investigated coupling of vector modes, e.g., the TM01. In this

case, achieving high coupling efficiencies requires not only

matching the beam at the fiber entrance, but also shaping the

free-space mode to match the polarization distribution of the

mode. This has previously been demonstrated by coherently

combining [47] a segmented wave plate [48], or with a q plate

[49]. In all studies, efficient coupling was achieved and mode

excitations and qualities vary depending on the individual

approach, but the TM01 is dominant. Alternative approaches

using, e.g., spatial light modulators and other methods are also

feasible.

III. ENERGY MODULATION WITH LASER-DRIVEN ARFs

The TM01 mode is the backbone of conventional radio-

frequency accelerators (i.e., RF linacs), supporting a longi-

tudinal accelerating field routinely used to increase beam

energies. It is often desired to utilize a relatively small bunch

length compared to the accelerating wavelength to minimize

the energy spread of the accelerated beam. With micron-scale

wavelengths however, this can be challenging to accomplish

due to limitations in laser-RF synchronizations O(10 fs). To

avoid synchronization difficulties, in this section we explore

how an electron bunch with an rms bunch length of 20 fs

and 100 MeV beam energy can interact with a TM01 mode

driven by a 2 ps laser pulse with 2 µm wavelength; such

a configuration is currently available at the ARES linac at

DESY [50].

While RF linacs generally have insignificant RF focusing

in the ultrarelativistic regime, the phase velocities supported

by ARFs are larger than the speed of light, supporting az-

imuthally symmetric transverse forces. Here we investigate

the utilization of a laser-driven TM01 mode with an electron

bunch. As we show, with relatively low laser power, large

energy modulations can be produced while maintaining the

overall beam quality. In addition, we explore the utilization

FIG. 4. Schematic of the microbunching setup. An electron beam

passes through a laser-driven ARF with a length of 6 mm. The

resulting laser excitation produces an energy modulation, and also

strongly defocuses electrons periodically. The resulting defocused

or spoiled electrons are absorbed on a collimator, producing a high-

quality microbunched electron beam beyond the collimator. Finally,

the addition of a weakly dispersive element can be used to further

improve the form factor of the beam by converting the energy mod-

ulation into a density modulation.

of large input laser powers, which leads to the development

of coherent microbunches at the driving wavelength due to

the periodic blowout of electrons from the large defocusing

forces. After a 1 m drift we incorporate a collimator with a

700 µm diameter to remove the spoiled electrons. Moreover,

we investigate how the final spectral content of the bunch can

be modified with the inclusion of a weakly dispersive element;

see Fig. 4 for an illustration of the complete scheme. The

transverse forces within the ARF can be calculated with the

Lorentz force, using the field approximations Eq. (2),

Fr = ek1k0J1(k1r)(β − neff ) sin(�), (4)

where � = ωt − kzz and β is the normalized beam velocity

for the simulated 100 MeV electron beam. This results in

the formation of focusing [� ∈ (0, π )] and defocusing [� ∈

(π, 2π )] forces along the bunch and also admits points with

no transverse forces for � = 0 and � = π . In addition, there

are additional transverse force contributions due to the radial

coordinates of different particles due to k1 
= 0. We also note

that the transverse force dependence is generally undesired

since it leads to emittance growth; here we mitigate this effect

by employing a relatively small beam size compared to the

structure aperture.

By controlling the beam size and divergence into the fiber

the final beam properties can vary greatly. We therefore first

investigated how to efficiently match the electron beam into

a relatively low-power laser-driven ARF by performing a

parameter scan over the electron beam size (σr) and the cor-

related beam divergence (σ ′
r) at the entrance of the structure.

Here we use the following initial electron beam parameters:

E = 100 MeV, Q = 500 fC, ǫn = 50 nm, σt = 20 fs, and

a maximum on-axis longitudinal electric field of Ez = 12

MV/m (corresponding to an energy of ≈9 µJ). The result-

ing rms energy spread and final beam emittance are shown

in Fig. 5. For a properly matched beam [e.g., (σ , σ ′) =

(5 µm, −1.5 mrad)] there is no emittance growth and the

resulting energy modulation is smooth and sinusoidal. In this

preliminary example, there is no collimator or dispersive sec-

tion and the maximum peak-to-peak energy modulation is

EP2P = 254 keV, which is competitive with standard conven-

tional undulator-based approaches used in, e.g., laser heaters

at XFELs.
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FIG. 5. Electron beam matching into a low-power [Ez(r = 0) ∼

12 MV/m] laser-driven fiber with an excited TM01 mode in a 6 mm

long ARF. The 2D parameter scan of the initial beam size at the

structure entrance [σr (z = 0)] and the correlated beam divergence

(σ ′
r ) is shown. The resulting energy spread and normalized emittance

growth are displayed in (a) and (b), respectively.

IV. SELECTIVE PHASE FILTERING AND ATTOSECOND

BUNCH TRAINS

The following discusses the beam dynamics associated

with a high-power laser field near the damage threshold of the

fiber, corresponding to Ez = 180 MV/m (and an input energy

of 0.5 mJ; see [39] for information on damage thresholds in

ARFs). In this scenario, the transverse forces are significant

and dominate the beam dynamics, providing the opportunity

to focus and defocus the beam strongly. However, due to

the electron bunch being much longer than the wavelength,

and due to phase slippage between the mismatched electron

velocity and phase velocity, the integrated forces along the

fiber are relevant; note the length of the fiber leads to approx-

imately a phase slippage of a half wavelength. It is therefore

appealing to introduce a collimator downstream of the ARF to

filter out phases contributing to large beam sizes. In addition,

by varying the beam size and divergence at the entrance of

the ARF, it is possible to selectively filter different phases

of the bunch, producing microbunched, or structured, beams.

The resulting beam properties after the 700 µm diameter col-

limator located 1 m downstream of the ARF are displayed in

Fig. 6. The strong transverse forces yield structured beams

with enhanced bunch form factors for both converging or

diverging beams (see below for a discussion on the bunch

form factor). For converging beams (i.e., negative beam di-

vergence), the periodic defocusing forces reduce the beam

convergence, leading to larger transmission through the col-

limator for the integrated defocusing phases; note, however,

that this leads to the destruction of the integrated focusing

phases. Likewise for a diverging beam, the focusing forces

reduce the divergence of the bunch periodically, also leading

to larger local charge transmission through the collimator, but

similarly leading to the destruction of the defocusing phases.

Finally for collimated beams, i.e., no correlated divergence,

the surviving phases correspond to regions of the bunch which

have no integrated transverse forces. We note, by using a

shorter ARF length, smaller phase regions could be preserved.

FIG. 6. Electron beam matching into a laser-driven fiber with an excited TM01 mode in a 6-mm-long ARF; the maximum on-axis

accelerating field is Ez = 180 MV/m. The 2D parameter scan of the initial beam size at the structure entrance [σr (z = 0)] and the correlated

beam divergence (σ ′
r ) is shown. The final beam properties after the collimator (placed 1 m downstream) are illustrated in the scans: energy

spread (a), charge over normalized emittance (b), charge times the bunch form factor (c), and charge (d). Good matching regions are observed

with large energy spreads, little emittance growth, and large charge transmission.
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FIG. 7. The spectral range of the distribution achieved with

matching parameters (σr, σ
′
r ) = (5 µm, 0.5 mrad) is illustrated. Panel

(a) shows the bunch form factor evolution as a function of the first-

order momentum compaction R56. Panel (b) provides an example of

the resulting longitudinal phase space and current profile without any

dispersive element (R56 = 0). We also display the resulting longitu-

dinal phase space and current profile for the case of R56 = −25 µm,

corresponding to the case of maximum harmonic content in panel

(c). Here the inset shows the microbunch with largest peak current

which has a FWHM bunch duration of 140 as. Space charge forces

are included in these results.

The results indicate that maintaining a low emittance beam

requires the use of smaller beam sizes � 5 µm.

Beyond the collimator, the beam is structured and has a

significant correlated energy spread which can be converted

to improve the density modulation. This is achieved by us-

ing a dispersive element which varies different particle path

lengths based on their energies. A simple formula can be

used to describe this transformation, zi → z f = zi + R56δ,

where zi and z f are the initial and final particle positions,

respectively, R56 is the first-order momentum compaction,

and δ is the fractional energy spread. The necessary R56

required to achieve maximum compression in this scenario

can be approximated with R56 ≈ λ/2δ ≈ −70 µm, where δ =

EP2P/E = 1.4 MeV/100 MeV. The resulting spectral content

of the bunch containing N macroparticles at a particular an-

gular frequency ω can be calculated with the numerical bunch

form factor of the macroparticle distribution,

F 2(ω) =
1

N2

(

∣

∣

∣

N
∑

i=0

cos
(ωzi

c

)
∣

∣

∣

2

+

∣

∣

∣

N
∑

i=0

sin
(ωzi

c

)
∣

∣

∣

2

)

, (5)

where zi is the position of ith particle in the distribution.

In Fig. 7 we explore how dispersion influences the final

spectral content of the distribution following the collimator

with radius r = 350 µm; the resulting form factor across a

spectral range is shown in (a). Strong harmonic content ex-

tends to higher frequencies and is limited by the uncorrelated

energy spread of the initial beam distribution. We provide an

example of the longitudinal phase space and projected current

profile of the distribution immediately after the collimator

without dispersion in (b). The structured beam with large

spectral content is a consequence of the periodically filtered

portions of the bunch. Finally in (c), we show the resulting

longitudinal phase space and projected current profile with

R56 = −25 µm, the setting with the largest spectral content.

We note this final density modulation has microbunches with

individual FWHM bunch lengths of approximately 140 as.

In Table II, we describe the initial electron beam parameters

(initial), the resulting beam parameters after the ARF (ARF)

and the final collimated beam parameters (collimated).

V. LONGITUDINAL BUNCH DIAGNOSTICS AND

METROLOGY WITH HE11

In conventional accelerators, the hybrid dipole HE11 mode

is routinely used for longitudinal bunch diagnostics, sup-

porting the measurement of electron bunch lengths and

longitudinal phase spaces when used with a spectrometer. The

mode shears the beam by kicking the bunch head and tail

in opposite transverse directions (e.g., up and down). After

an appropriate drift following the kick, the resulting sheared

electron bunch is imaged on a screen, providing the current

profile.

The resolution of the streaking action is given by

R =
ǫ

σyS
=

ǫnm0c2

σyekV
, (6)

where ǫ is the geometric emittance, ǫn is the normalized

emittance (ǫn = γ ǫ), σy is the rms beam size in the ARF, S is

the shearing parameter, m0c2 is the relativistic electron mass

(0.511 MeV), k = 2π/λ is the wave number of the driving

field, and V is the maximum integrated voltage in the streak-

ing plane. We note this equation relies on a phase advance in

the transverse phase space of π/2 between the ARF and the

imaging screen.

Achieving a high temporal resolution requires a large

beam size compared to the driving wavelength which is nat-

urally supported in ARFs. Here we explore the streaking

performance of a laser-driven ARF. Similarly to the previous

discussion, we first investigated proper matching through the

ARF. Here however, due the relatively short bunch length used

in our example (σt = 1 fs), the injection phase plays a signifi-

cant role. We limit our investigation to injecting such that the

phase slippage through the structure is symmetric through the

zero crossing of the sinusoidal field by choosing the phase

which leads to the bunch centroid staying on axis. We note

that the resolution here is limited by the integrated voltage in

the hollow core, which is in turn limited by phase slippage

along the ARF and the field strength used. For a detailed

discussion on beam dynamics in conventional transverse de-

flection structures including cases with phase slippage, see

[51]. Presently, synchronization at this level is beyond the

scope of conventional radio-frequency accelerators. However,

by monitoring the beam position on a detector screen and

sorting the resulting data, a useful measurement could be

realized. Alternative laser-based acceleration techniques, e.g.,

plasma, dielectric laser, or DC accelerators, could possibly

more easily incorporate this approach.

We now provide an example of the temporal resolution

power of the ARF streaking mode. We consider a simple setup

consisting of a 2-mm-long laser-driven ARF and a screen

placed 50 cm downstream. The distance is sufficient to sup-
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TABLE II. Electron beam parameters for microbunching.

parameter initial ARF collimated

bunch length (σt ) [fs] 20 20 20

transverse beam size (σx,y) [µm] 5 8.4 140

emittance (ǫx,y) [nm] 50 970 140

average energy (E ) [MeV] 100 100 100

peak-to-peak energy modulation (EP2P) [MeV] 1.4 1.4

energy spread (dE ) [keV] 20 442 368

charge [fC] −500 −500 −162

ARF structure length (L) [mm] 6

accelerating gradient [MV/m] 180

port a phase advance of 80◦ which only limits the resolution

by ∼1.5%. Here we use a modified electron bunch as in

the previous discussion with the following initial parameters:

Q = 50 fC, σE = 20 keV, ǫn = 50 nm, σr = 15 µm, σ ′
r = 0

mrad. In addition the example bunch is microbunched with a

10 attosecond periodicity; see Fig. 8. For these beam param-

eters and a field strength of 2 GV/m, the resolution power

from Eq. (6) is ∼0.45 as. Beam-matching scans similar to the

previous section can be found in [52] and show a large usable

parameter space.

Finally, we show the resulting streaked beam 50 cm

downstream of the ARF and the corresponding projected

distribution in Fig. 8. Here the corresponding microbunch

spacing on the screen is ≈170 µm. This powerful and rela-

tively simple technique could be appealing for a multitude of

applications, including high-charge pump-probe experiments,

metrology, and XFEL optimizations.

VI. DISCUSSION

The rapid advancement of laser-based accelerators cre-

ates an exciting prospect for the next generation pump-probe

experiments especially given the increasing interest in study-

ing ultrafast attosecond phenomena. In this paper, we have

proposed and explored the application of laser-driven antires-

onant hollow-core fibers to support high-charge pump-probe

experiments into the attosecond frontier. We have especially

shown that the use of the TM01 mode could mediate energy

transfer between lasers and electrons, enabling the energy

modulation of electron beams on very compact footprints,

in contrast to the relatively large and constrained undulator-

based approaches. In a more extreme case where the laser

power is increased, we also showed that the resulting trans-

verse forces could produce microbunched beams at the driving

wavelength and could further be improved by using a colli-

mator to remove the spoiled electrons. Furthermore, by using

a small dispersive element we showed that beams with a

significant harmonic content could be produced.

We also reported on how the dipole HE11 mode could be

employed as a bunch length diagnostic with sub-attosecond

resolutions which is more than three orders of magnitude im-

provement on conventional radio-frequency-based methods.

Such a powerful diagnostic could be invaluable in supporting

emerging pump-probe experiments studying ultrafast pro-

cesses, enabling detailed measurements.

The beam and laser parameters used here were chosen

in relation to the available infrastructure at the ARES linac,

DESY. We have also conducted simulations for lower (3.5

and 20 MeV) and higher (10 GeV) energies. Naturally larger

interaction lengths are possible at higher energies. The strong

relativistic velocity dependence at lower energies reduces the

possible interaction lengths significantly. For example, con-

sidering the TM01 mode and beam energies of 20 and 5 MeV,

maximum phase-matching lengths of 2.3 mm and 0.19 mm

FIG. 8. An example of the streaking power of the HE11 mode. Here we consider an initial electron bunch with a 10 attosecond density

modulation, with Q = 50 fC, σr = 15 µm, σ ′
r = 0 mrad, ǫn = 50 nm; see the initial LPS and projected current profile (top left). The electron

bunch is then injected into the ARF with synchronized laser pulse. The streaking power of the ARF shears the bunch in the vertical plane onto

a screen located 50 cm downstream of the ARF. The resulting transverse distribution and projection is displayed, illustrating the resolved 10

attosecond bunches.

013096-7



L. GENOVESE et al. PHYSICAL REVIEW RESEARCH 5, 013096 (2023)

could be reached, respectively, compared to a maximum in-

teraction length of 8.9 mm in the ultrarelativistic limit. Larger

energy modulations could be recovered by using femtosecond

pulses with higher fields. For especially low energies it may

be useful to conduct more elaborate simulations due to the

limited structure length compared to wavelength. We note that

the resolution of the transverse deflection discussion is energy

independent.

We also expect this technique to appeal to accelerator

science in general and could be complementary to radio-

frequency-based accelerators. The large streaking powers

could enable measurements of angstrom-level microbunches

in XFELs, for example, but would require data sorting due

to limitations in synchronization. Furthermore the simplicity

of the scheme compared to undulator-based approaches could

significantly simplify echo-enabled generation based light

sources [13–15] and also proposed synthesizing techniques

[16].
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