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Abstract. Dielectric laser acceleration (DLA) is one of the advanced concepts for more
compact accelerators. DLA gratings have apertures and period lengths within the range
of optical wavelengths. Phase stability and wakefield effects are thus crucial for upcoming
experiments with highly relativistic electrons. For this, we present a method to analytically
calculate energy spectra for comparison with measurements in order to reconstruct the phase
of injection into the DLA grating structure. Knowing the injection phase is important for
both alignment and interpretation of measured data. Furthermore, we estimate the effects of
wakefields on bunches which are coherently accelerated in a DLA. We are calculating the energy
spectrum affected by the longitudinal wake by evaluating the analytical description numerically
and give estimates for the transverse kicks of an off-centered injected electron bunch.

1. Introduction
In the concept of dielectric laser acceleration (DLA) [1] electrons are accelerated in dielectric
nanostructures which are powered by ultra-short laser pulses in the optical regime. Experiments
with relativistic electrons are planned or have already been carried out at various international
research facilities within the ”Accelerator on a chip” (ACHIP) collaboration [2, 3, 4, 5, 6, 7, 8, 9].
The experiments use an externally accelerated electron beam from a conventional photoinjector
or radio-frequency (RF) linac to inject in a DLA grating structure. Two of these planned
experiments aim for coherent acceleration of an injected electron bunch. At SwissFEL (PSI) the
RF linac is used to accelerate electron bunches to 3 GeV and compress them [5]. The proposed
experiment at DESY’s SINBAD facility applies the ARES linac to accelerate an electron bunch
to 52 MeV and transform the bunch into a train of ultra-short microbunches with 350 as FWHM
bunch length by laser modulation [10]. The goal of both experiments is to coherently accelerate
the microbunches in a dual-layer rectangular grating with 2 µm period length. A sketch of such
a structure made of fused silica is shown in Fig. 1. Since at SINBAD both the modulator and
the DLA grating are driven by the same laser and at SwissFEL the drive laser is synchronized
with the RF, phase synchronization between the microbunches and the accelerating field can be
established. However, the phase of injection into the DLA grating is not known or measurable
in advance. To get around this, we present an analytical scheme to reconstruct the injection
phase from the measured energy spectrum after the DLA interaction in Sec. 2. Furthermore,
the proposed microbunch charge of a few femtocoulomb leads to a significant wake field in the
DLA grating. The effects of this wake are estimated in Sec. 3.
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Figure 1. Sketch of a
dual-layer rectangular grat-
ing structure. The struc-
ture is made of fused silica
(εr = 2.13).

2. Injection phase reconstruction from energy spectrum
In order to reconstruct the injection phase from a measured energy spectrum, knowledge of
the initial bunch distribution and the DLA interaction is required. We will construct the
energy spectrum for these parameters, such that parametric fitting of the analytical formula to a
measured energy spectrum allows to retrieve the injection phase. Suppose the bunch is initially
Gaussian distributed, i.e. the uncorrelated two-dimensional probability density function of the
initial bunch is given by

λ0 (ϕ,w) =
1√

2πσϕ

1√
2πσw

exp

(
−(ϕ− ϕref)

2

2σ2ϕ

)
exp

(
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2
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with standard deviations σϕ and σw and means ϕref and wref, where ϕ describes the injection
phase and w the energy of each particle. The energy of each particle after an interaction length l
is given by the function W : R2 → R as

W (ϕ,w) = qle1 cos (ϕ) + w (2)

with the particle charge q and the peak acceleration gradient e1. For this, we have neglected
a change in phase within the interaction and also a transverse dependence of the acceleration
gradient. These assumptions are fulfilled for a relativistic electron bunch, where the acceleration
gradient is proportional to cosh (2πy/ (λLβγ)) with the laser wavelength λL [11]. In order to
map the initial bunch distribution to the energy distribution after the interaction length, we
have to use probability theory and solve the integral

λl (w̃) =

∫ ∞
−∞
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where w̃ = W (ϕ,w). To solve this, we need the inverse function ϕ = arccos [(w̃ − w) / (qle1)]

and the derivative of Eq. 2, ∂W (ϕ,w)
∂ϕ = −qle1 sin (ϕ). This allows us to calculate Eq. 3 as
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Note that Eq. 5 is the mapped probability function of a bunch which initial energy distribution
is a Dirac delta function, Λ (w̃) = λl (w̃)|σw→0, and therefore Eq. 4 is the convolution of this
mapped probability function with the Gaussian energy distribution. Furthermore, the energy
distribution after interaction for an arbitrary initial energy distribution is also given by the
convolution of Λ (w̃) with the initial energy distribution. Figure 2 shows examples of energy
spectra of 45 nm bunches after a DLA interaction with different injection phases. The energy
spectra of bunches with different width injected at the same phase are shown in Fig. 3. The plot
shows coherent acceleration for the shortest bunch and the characteristic double horn structure
for the longest bunch. For a well-known initial longitudinal phase space distribution, either by
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Figure 2. Energy spectra after DLA
interaction for different injection phases. The
dashed lines show the energy spectra without
initial energy spread, the solid lines show
the energy spectra with 200 keV rms energy
spread.
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Figure 3. Energy spectra after DLA
interaction for bunches with different width
injected at ϕ = π/4.

measurements or by simulations, the analytical formulas can be used to calculate the energy
spectrum after interaction for different injection phases and determine the correct phase by
comparison with a measured energy spectrum. Double horn energy spectra have already been
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Figure 4. Double horn energy spectrum
after DLA interaction for a bunch much
longer than the grating period

measured in DLA experiments with bunches much longer than the period length of the used
DLA grating [8, 9]. The energy spectra of such experiments can also be described analytically by
the presented formulas (cf. Fig. 4). Furthermore, it is also possible to solve Eq. 3 numerically
if the longitudinal bunch distribution cannot be described analytically. Double-horn energy
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spectra from sub-relativistic DLA experiments [12, 13] can also be reconstructed, provided the
interaction length is sufficiently short and the transverse particle distribution and the transverse
dependence of the gradient is also being taken into account by another convolution.

3. Wakefield effects
The wake field created by the electron beam in the DLA structure can decelerate, defocus,
and deflect the beam depending on bunch charge and distribution. To estimate these effects,
the fields are simulated by the dedicated wakefield solver of CST Studio Suite [14] using the
rigid beam assumption. Postprocessing steps to calculate the three-dimensional wake fields for
arbitrary bunch distributions are detailed in [15]. Assuming that microbunches, as e.g. created
by the SINBAD microbunching scheme, are Gaussian distributed and injected in the center of
the channel, the corresponding wakefields are plotted in the Fig. 5. The longitudinal wake acts
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Figure 5. Longitudinal and transverse wake potentials at x = 0 per DLA period (2 µm) of a
Gaussian bunch with σs = 45 nm and σx,y = 450 nm given by the black ellipse in a dual-layer
rectangular grating structure

as decelerating force. A wake per DLA period of −10 kV pC−1, for example, corresponds to
a gradient of −5 GeV pC−1 or an energy loss of 5 MeV pC−1 in an interaction length of 1 mm.
Figure 6 shows the energy spectrum after the DLA interaction, with and without the effect of the
longitudinal wake. Without wake, the spectrum was obtained by evaluating Eq. 3 analytically
for a Gaussian bunch distribution with a bunch length of 45 nm and 200 keV energy spread.
The wake was included by adding the corresponding energy loss (evaluated at the center of the
channel) to the energy gain in Eq. 2. This leads to a slight shift of the spectrum to smaller energy.
The transverse wake in y-direction acts both defocusing in general and coherently deflecting for
bunches with off-center injection. Figure 7 shows the transverse wake along the bunch center
(x = 0,y = y0) for various injection offsets y0. Evaluating the transverse wake at the bunch
center (s = 0) normalized to the offset yields W ′y = 1.05 PV m−2 pC−1 which results in the kick

∆y′ =
e qbunch
pz0βc0

W ′yy0l ≈ 20× 103 m−1 pC−1qbunchy0, (6)
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Figure 6. Energy spectrum after 500
DLA periods with and without longitudinal
wakefield. The peak acceleration gradient is
e1 = 1 GeV m−1 and the injection phase is
φref = π/4.
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Figure 7. Transverse wake potential per
DLA period (2 µm) of a Gaussian bunch with
injection offset y0 at x = 0 and y = y0. The
bunch distribution is shown in dashed gray.

where e is the elementary charge and pz0 is the reference momentum. The absence of longitudinal
and transverse motion in a stiff relativistic beam allows to lump all kicks in a millimeter-length
DLA structure to be lumped in a single kick after the DLA interaction. Calculating this kick for
specific parameters determines whether the wake of the DLA has a measurable or deteriorating
effect.

4. Conclusion
The planned experiments at SwissFEL and at the SINBAD facility will enable coherent
acceleration of highly relativistic electrons in a dielectric laser acceleration grating for the first
time. In order to determine injection phase of bunches significantly shorter than the DLA period,
we presented a scheme to calculate the downstream energy spectrum analytically. These spectra
can be parametrically fitted to measured ones and thus the injection phase can be retrieved.
In addition to a Gaussian bunch distribution and a cosine acceleration potential, the equations
can also be solved numerically using an arbitrary bunch distribution and an invertible energy
gain function, such as the numerically obtained longitudinal wake potential. For the presented
example, the longitudinal wakefields are small compared to the proposed acceleration gradients.
Also the transverse wake does not lead to a significant deflection within the interaction length
of 1 mm. However, the energy loss and the transverse kicks are possibly measurable. Moreover,
for a longer interaction length they cannot be neglected in any case. Although the wakefields
show a strong transverse dependence, we only considered the wake in the bunch center for a
first estimate. Tracking of the particle distribution in the wakefields including the transverse
dependence and analysis of coherent beam instabilities will be presented in another paper in the
near future [16].
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