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The ARES linac at DESY aims to generate and characterize ultrashort electron bunches (fs
to sub-fs duration) with high momentum and arrival time stability for the purpose of applications
related to accelerator R&D, e.g. development of advanced and compact diagnostics and accelerating
structures, test of new accelerator components, medical applications studies, machine learning,
etc. During its commissioning phase, the bunch duration characterization of the electron bunches
generated at ARES has been performed with an RF-phasing technique relying on momentum spectra
measurements, using only common accelerator elements (RF accelerating structures and magnetic
spectrometers). The sensitivity of the method allowed highlighting different response times for Mo
and Cs2Te cathodes. The measured electron bunch duration in a wide range of machine parameters
shows excellent agreement overall with the simulation predictions, thus demonstrating a very good
understanding of the ARES operation on the bunch duration aspect. The importance of a precise
in-situ experimental determination of the phase velocity of the first travelling wave accelerating
structure after the electron source, for which we propose a simple new beam-based method precise
down to a variation of one part per ten thousand respective to the speed of light in vacuum, is
emphasized for this purpose. A minimum bunch duration of 20 fs rms, resolution-limited by the
space charge forces, is reported. This is, to the best of our knowledge, around 4 times shorter
than what has been previously experimentally demonstrated based on RF-phasing techniques with
a single RF structure. The present study constitutes a strong basis for future time characterization
down to the sub-fs level at ARES, using dedicated X-band transverse deflecting structures.

I. INTRODUCTION

A large number of scientific applications require ultra-
short electron bunches with a duration typically below
100 fs rms and ideally even reaching the (sub)-fs level, e.g.
ultrafast radiation pulse generation through free electron
lasers [1] or wakefields [2], ultrafast imaging via diffrac-
tion and microscopy [3, 4], ultrafast pulse radiolysis [5],
etc. The ARES linac at DESY [6, 7] aims to generate
and characterize such bunches, with high momentum and
time arrival stability, for the purpose of applications re-
lated to accelerator R&D, e.g. development of advanced
and compact diagnostics [8, 9] and accelerating struc-
tures [10], test of new accelerator components, medical
applications studies, etc. One of the main challenges to
be faced towards this goal is to obtain a proper time char-
acterization (duration, time profile, arrival time jitter) of
these bunches.
To reach the required resolution, several types of ded-

icated diagnostics are currently used worldwide. A first
type of method is based on electro-optical sampling of
the electron bunch electromagnetic field with an ultra-
short laser pulse [11]. This can be made single-shot if
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a chirped laser pulse is used [12, 13]. However, the res-
olution is by definition limited to the duration of the
probing laser pulse, which is currently around a few tens
of fs rms for commercially available lasers, and therefore
does not reach the single-digit fs to sub-fs level. An-
other general type of diagnostics is based on the bunch
time profile reconstruction through a measurement of the
frequency spectrum it emits in special conditions (e.g.
Smith-Purcell radiation [14], coherent transition radia-
tion [15], etc.). These methods can reach a resolution on
the single-digit femtosecond level for the bunch duration
[16], but require assumptions on the shape of the electron
bunch time profile to be able to reconstruct it and to deal
with the fact that only part of the radiation spectrum is
usually recorded [17]. A last general type of diagnostics is
the transverse deflecting structure (TDS) [18]. By using
a downstream dipole magnet with a dispersive direction
perpendicular to the streaking direction of the TDS, the
entire bunch longitudinal phase-space (time vs momen-
tum) can be recorded. TDS working in the S-band fre-
quency range are nowadays widely used with resolutions
down to tens of fs rms [19], and TDS at higher frequen-
cies, especially in the X-band range, are in development
and allow reaching a (sub)-fs resolution [20]. Advanced
streaking schemes are also currently under investigation
to reach sub-fs resolutions, like the use of THz pulses [21]
or methods aiming to combine the streaking provided by
a laser modulator on one transverse direction with the
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streaking provided by a TDS on the orthogonal trans-
verse direction [22].

The aforementioned techniques all require additional
cost and a dedicated space to be implemented. Further-
more, the installation of an adequate environment (vac-
uum system, RF system, laser transport line, detectors,
etc.) is also required for operation. Finally, for some of
these techniques, the electron bunch has to interact in a
controlled and synchronized way with an external radia-
tion pulse (e.g. laser) introducing further complexity.

Several methods (thereafter named RF-phasing meth-
ods) exist to measure the bunch duration and time pro-
file by using only common elements virtually present on
all research electron accelerators (RF accelerating struc-
tures, spectrometer and imaging screens), and there-
fore do not require additional cost and space, e.g.
zero-phasing technique [23], phase-scan methods [24–
27], time-dependent transverse field components of TM01

mode [28], longitudinal phase-space tomography [29, 30].
Despite not reaching the single-digit femtosecond resolu-
tion, these methods are still attractive to be used during
the commissioning phase of an accelerator, before the
implementation of dedicated diagnostics, but also on ac-
celerators where no dedicated diagnostics are planned to
be installed. This is for example the case on small accel-
erators for cost and/or space reasons or on the injectors
for synchrotron light sources where the bunch duration
is not a key parameter but can be of interest to be mea-
sured.

The primary diagnostics intended at ARES to diag-
nose the ultrashort electron bunches (see Table I) are two
PolariX X-band transverse deflecting structures [31–33],
which are the product of a collaboration between CERN,
DESY and PSI, for which the commissioning phase is
expected to start in the first half of 2024. In addition
to a sub-fs resolution, it has the feature of a variable
streaking direction, thus allowing advanced tomographic
reconstruction of the bunch distribution [8, 33].

In this paper, the commissioning phase leading to
the first characterization of the duration of the elec-
tron bunches generated by the ARES linac at DESY (see
Sec. II), which produced its first beam end of 2019 [6],
is presented. The characterization of the bunch duration
(see Sec. V) relies on the use of a phase-scan method
[24, 25], which is based on beam momentum spectra mea-
surements (see Sec. III). A detailed comparison with
the predictions from ASTRA simulations [34], a refer-
ence and well-benchmarked beam dynamics simulation
code, is provided. An important requirement for this is a
precise determination of the phase velocity of the first ac-
celerating structure after the electron source, where the
bunches are still not fully relativistic. To this aim, we
propose a simple new method based on the measurement
of the phase gap between momentum minima and max-
ima at the exit of this structure (see Sec. IV).

II. THE ARES LINAC AT DESY

The ARES (Accelerator Research Experiment at Sin-
bad) linac at DESY (see Fig. 1) is an approximately 45 m
long linac operating in the S-band frequency range at
2.99792 GHz [6, 7]. After the S-band gun, driven by a
UV laser pulse at 257 nm, two 4.092 m long travelling
wave accelerating structures (TWS1 and TWS2) operat-
ing in the 2π/3 TM01 mode bring the electron bunches to
their final momentum, around 155 MeV/c at maximum
(gun + 2 TWS operated on-crest). Several options are
available to compress the electron bunches in time [35]:
velocity bunching [36] in TWS1, magnetic compression
in the bunch compressor [37] and a hybrid compression
mode mixing velocity bunching and magnetic compres-
sion [38]. Two spectrometers (one after the gun and one
at the end of the beamline) are available to diagnose the
electron bunch momentum spectrum. The bunch charge
is measured with a Faraday Cup located before TWS1,
unless otherwise stated in the paper. Multiple screens,
steerers and quadrupoles are located all along the beam-
line (not displayed in Fig. 1) for the purpose of beam
transport, focusing and diagnostics. The target bunch
properties of the ARES linac are summarized in Table I.
Some parameters are fixed for all the experimental results
and simulations shown in the rest of the paper. They can
be found in Table II.

Unless otherwise stated and when a single particle is
considered, all the simulations presented in this paper
include the effects of space-charge forces [39] on the elec-
tron bunch. They are calculated through the cylindri-
cally symmetric algorithm implemented in the ASTRA
software [34]. All the simulations presented in this paper
start from the photocathode. The initial bunch distri-
bution is generated using the generator software linked
with ASTRA [34]. The isotropic model is used, where
the emission angles of the electrons are isotropically dis-
tributed into a half-sphere pointing in the direction or-
thogonal to the photocathode plane. The width of the
initial energy distribution of the electrons, the only free
parameter in this model, has been adjusted such that
the resulting transverse emittance at the RF-gun exit
matches the one experimentally measured at ARES in
[40]. We choose to neglect the variation of the accelerat-
ing field on the photocathode plane within the duration
of the laser pulse driving it. This variation distorts the
initial time profile of the electron bunch compared to the
one of the laser pulse. The reason to neglect it here,
is that the cathode laser pulse duration (175 fs rms) is
much shorter than the period of the RF-gun accelerating
field (≈ 333.565 ps). Finally, an exponential delay was
added to the emission time of the electrons to simulate
the response time of Cs2Te photocathodes mounted in
the ARES RF-gun (see Secs. VA and VB).

It is important to note that there are no accelerat-
ing structures located downstream of the magnetic bunch
compressor at ARES. It is therefore not possible to per-
form a bunch duration measurement of the bunches com-
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technique in the transverse phase-space [41].
It is in principle possible to vary either the field ampli-

tude and/or the bunch injection phase into the acceler-
ating structures. However, it is practically easier to vary
the phase and only this option is considered in this paper.
Also, only the case of a single travelling wave accelerating
structure (TWS2) is considered in this paper.
In order to establish the analytical model on which the

phase-scan method relies, several assumptions are made:

1. The space-charge forces effect on the measured mo-
mentum spread can be neglected all along the beam
path from the entrance of the accelerating structure
to the magnetic spectrometer.

2. The effect on the momentum spread of the in- and
out-coupling cells and of the leakage fields at the
TWS entrance and exit can be neglected.

3. The bunch is much shorter than the wavelength
of the accelerating field, so that its effect can be
linearized whatever the injection phase.

4. The bunch velocity can be assumed equal to c

(speed of light in vacuum), so that the bunch du-
ration and its phase slippage rate respective to the
accelerating field are constant all along the struc-
ture (the latter being equal to zero if the field phase
velocity is c).

The less these assumptions are fulfilled, the bigger the
error on the reconstructed longitudinal bunch properties.
On ARES, the typical charge (a few pC), momentum (35
– 80 MeV/c) and bunch duration (sub-ps rms) at the
entrance of TWS2 are such that the assumptions 3 and
4 are largely valid. To ensure the validity of assump-
tion 4, we took care to experimentally use only injection
phases into TWS2 leading to a momentum gain through-
out the entire TWS2, so that no bunch momentum lower
than 35 MeV/c are encountered. Practically, the mini-
mal output bunch momentum used experimentally was
around 65 MeV/c. The assumption 1 is also valid in a
large range of parameters, but starts to become less and
less valid for short bunches (typically below a few tens of
fs rms). The validity of assumption 2 is assessed later in
this section. It is important to note that assumption 4 is
not fulfilled for TWS1 at ARES, since the input bunch
momentum is only around 3.8 MeV/c at maximum. As
a result, the model derived in this section will only be
applied with TWS2.
Under the aforementioned assumptions, the transport

of the bunch longitudinal properties can be described by
2×2 matrices in the following way, assuming no coupling
between the longitudinal and transverse planes:

Σf = MΣiM
T , (1)

with Σα =

(
σ2

tα
σptα

σptα σ2

pα

)
and M =

(
R55 R56

R65 R66

)

The subscripts i and f respectively refer to the entrance
of the accelerating structure which operation condition

is varied and the point where the momentum spread is
measured. The superscript T refers to the transpose of a
matrix. The matrixM is the longitudinal transfer matrix
describing the beamline between i and f. The transport
of the matrix Σ leads to the following equations:

σ2

tf
= R2

55
σ2

ti
+ 2R55R56σpti +R2

56
σ2

pi
(2)

σ2

pf
= R2

65
σ2

ti
+ 2R65R66σpti +R2

66
σ2

pi
(3)

Eq. (2) is not experimentally useful, since it would re-
quire to measure the bunch duration at the point f of the
beamline to retrieve it at the point i. On the opposite,
Eq. (3) is of interest since it links the bunch duration σti

at the point i of the beamline to the momentum spread
σpf

measured at the point f.
Under the aforementioned assumptions, the bunch mo-

mentum spread is invariant in a drift space or when fo-
cusing/transport magnets are used. Moreover, on ARES,
there are no accelerating structures located downstream
of the one used for the measurement (TWS2). This
means that the momentum spread already has the value
σpf

right at the exit of TWS2, or in other words that
only TWS2 contributes to the coefficient R65 and R66 in
Eq. (3). The aforementioned assumptions also lead to
R66 = 1, so that only R65 is relevant.
For a TWS, the on-axis longitudinal field component

seen by an electron under the assumptions 3 and 4 can
be written as:

Ez(z) = Em cos

(
2πf(vph − c)

vphc
z + φ0

)
(4)

where f is the TWS resonance frequency, Em the maxi-
mal average gradient, z the position along the structure
axis, c the speed of light in vacuum and vph the phase
velocity of the field in the TWS. φ0 is the injection phase
of the electron bunch in the TWS (180◦ is the phase of
maximum momentum gain rate for vph = c). At ARES,
it is desired that vph is as close as possible to c, in or-
der to minimize the phase slippage of the electron bunch.
It has to be noted that a purely sinusoidal expression is
used in Eq. (4), thus neglecting the spatial harmonics
other than the fundamental in the TWS field. This is
due to the fact that only the integrated effect through-
out TWS2 is relevant for the phase-scan method, and
these higher-order spatial harmonics provide no net mo-
mentum change when averaged over one period.
Defining ξ(vph) = πfL(vph - c)/vphc, the momentum

pf after TWS2 and R65 can be written as:

pf = pi −
eẼmL

c
cos(φ̃0) (5)

R65 =
2πfeẼmL

c
sin(φ̃0) (6)

where L is the TWS length, e the fundamental electric

charge, Ẽm = Emsinc(ξ(vph)), φ̃0 = φ0 + ξ(vph) and
sinc(x) is the function equal to sin(x)/x for x 6= 0 and 1
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for x = 0. It is noteworthy that ξ(vph) is half of the elec-
tron bunch phase slippage during its motion throughout
TWS2.
One can see that by replacing Em and φ0 by the

effective quantities Ẽm and φ̃0, including the effect of
the bunch phase slippage respective to the TWS field,
Eqs. (5) and (6) are written in the same way than the
ones without phase slippage. This parameterization of

the model with Ẽm and φ̃0 is convenient for practical ap-
plication. Indeed, in practice, the TWS field amplitude
in the model is adjusted to match the experimentally
measured value of pf . Doing so, it is not the actual TWS
field amplitude Em which is determined, but the effective

TWS field amplitude Ẽm which includes the effect of the
bunch phase slippage. The values shown in Table II for

TWS1 and 2 field amplitudes are therefore Ẽm. Note
that the actual value of Em can be determined when vph

is known through Em = Ẽm/ sinc (ξ(vph)). Using φ̃0 or
φ0 is strictly equivalent since ξ(vph) is a constant term,
thus just implying a global translation of the injection
phase scale. The origin of the injection phase scale is de-
fined as the value maximizing the output bunch momen-
tum. As a consequence, applying the phase-scan method
at ARES with TWS2 under the assumptions made is
therefore independent on and does not require the knowl-
edge of its phase velocity, while still including its effect.
All the measurements presented in Sec. V are per-

formed by scanning the bunch injection phase φ̃0 into
TWS2 and the momentum spread σpf

is measured by
the high-energy spectrometer (see Fig. 1). The recon-
structed values of σti , σpti

and σpi
from Eq. (3) are thus

the ones at TWS2 entrance. This reconstruction requires
an input of n ≥ 3 values of σpf

measured for n values of

φ̃0 (≡ R65). A matrix system of the following form is
obtained:

Y = AX, with Y =



σ2

pf1

· · ·
σ2

pfn


 , (7)

A =



R2

651
2R651

1
· · · · · · · · ·
R2

65n
2R65n

1


 and X =




σ2

ti

σpti

σ2

pi




This matrix system is inverted using a least-square al-
gorithm to obtain the vector X and especially the bunch
duration σti as follows:

X =
(
AtA

)−1
AtY (8)

To verify the validity of assumption 2, a comparison
with an ASTRA simulation, where the effect of the in-
and out-coupling cells and of the leakage fields at TWS2
entrance and exit are included, has been performed in
ideal conditions. Namely, the space-charge forces were
turned off after TWS2 entrance and it was ensured that
the input distribution at TWS2 entrance has no coupling
between the longitudinal and transverse planes. This en-
ables to isolate the combined influence of TWS2 in- and

FIG. 2. ASTRA simulation of the bunch rms momentum
spread at the high-energy spectrometer as a function of the
injection phase into TWS2. The inset shows a zoom around
one TWS2 phase. Conditions: 1 pC charge; 320 µm trans-
verse diameter of laser pulse driving the gun; 74 MV/m gun
peak accelerating field (RF-gun at the phase maximizing the
momentum→ 3.85 MeV/c output bunch); TWS1 at the phase
maximizing the momentum → 78.5 MeV/c output bunch;
542.24 fs rms bunch duration at TWS2 entrance; See Table II.
Note: The with or without space-charge forces refers only to
the path into TWS2, the simulation up to TWS2 entrance is
with space-charge forces.

out-coupling cells and leakage fields on the phase-scan
method accuracy. The bunch rms momentum spread at
the high-energy spectrometer has been simulated as a
function of the injection phase into TWS2 (see Fig. 2).
Eq. (8) has then been applied on the simulated dataset
to reconstruct the bunch duration at TWS2 entrance.
The reconstructed rms bunch duration (542.33 fs) is ex-
tremely close to the input one (542.24 fs), the discrepancy
being far below the typical error bars on experimental
data and simulations (see Sec. V). The assumption 2 to
neglect the effect of TWS2 in- and out-coupling cells and
leakage fields is therefore valid. It is also confirmed that
neglecting the spatial harmonics other than the funda-
mental in TWS2 field has a negligible effect, if any, on
the phase-scan method accuracy, since these harmonics
are included in ASTRA.
On Fig. 2, an ASTRA simulation with the space-charge

forces activated up to the end of the transport is also
displayed. It is visible that the rms momentum spread
differs only very marginally from the one simulated with
space-charge forces turned off from TWS2 entrance. As a
result, the reconstructed rms bunch duration (542.32 fs)
is also extremely close to the input one (542.24 fs). The
difference of the reconstructed bunch duration for the
datasets with and without space-charge forces is negligi-
ble. This demonstrates the validity of assumption 1 for
the conditions of Fig. 2, which are the ones for the refer-
ence working point at ARES where the 3 structures (gun,
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TWS1 and TWS2) are operated on-crest.
One should note that Eq. (8) does not include any sta-

tistical errors (due to experimental jitters) on σpf
and

R65. To address this, Eq. (8) is combined with a Monte-
Carlo algorithm [42]. The starting point is the measured
experimental value of σpf

, determined as the average of
a small number (typically 10 to 30) of measurements,
and its rms statistical error, determined as the standard
deviation of these measurements. Then, a large num-
ber N (typically N ≥ 105) of values of σpf

is randomly
generated following a Gaussian distribution with a stan-
dard deviation equal to the rms statistical error on σpf

.
Then, for each of these N values of σpf

, one value of
R65 is randomly drawn following a Gaussian distribution
with a standard deviation equal to the rms statistical er-

ror on R65 (function of the experimental jitters on Ẽm

and φ̃0). Applying Eq. (8) on each randomly generated
doublet (σpf

; R65) generates a random set of N values
for X. The final value for X is determined as the aver-
age of these N values, and the error bar on it as their
standard deviation.

B. Applicability criterion for the phase scan
method

Qualitatively, a bunch duration threshold below which
the phase scan method cannot be applied exists. Namely,
when the bunch becomes so short that the spectrometer
is unable to resolve at least 3 different values of σpf

when

scanning φ̃0. Mathematically, this translates into the
following theoretical applicability criterion for the phase
scan method:

σpfmax
− σpfmin

≥ 2R

(
pmax + pmin

2

)
= 2R 〈p〉 (9)

with σpfmax
and σpfmin

being respectively the maximal
and minimal value of σpf

, R being the relative resolu-

tion of the magnetic spectrometer (10−4 at ARES) and
pmax and pmin respectively the maximal and minimal
beam momentum in the range of phase between σpfmax

and σpfmin
. We therefore approximate here the absolute

spectrometer resolution (R times momentum) as equal
to the one for the average beam momentum as a func-

tion of φ̃0 in this range, 〈p〉. It is noteworthy that here,
R does not refer to the spectrometer resolution for the

measurement of an absolute value of σpf
at a fixed φ̃0,

but to the resolution for the measurement of a variation
of σpf

between two values of φ̃0.

It can be shown that σ2

pfmax
and σ2

pfmin
have the fol-

lowing expressions:

σ2

pfmax
= α2σ2

ti
+ 2α

∣∣σpti

∣∣+ σ2

pi
(10)

σ2

pfmin
= α2σ2

ti
− 2α

∣∣σpti

∣∣+ σ2

pi
if

∣∣∣ σpti

ασ2

ti

∣∣∣ ≥ 1 (11)

σ2

pfmin
= σ2

pi
−

σ2

pti

σ2

ti

if
∣∣∣ σpti

ασ2

ti

∣∣∣ ≤ 1 (12)

with α = 2πfeẼmL/c. From Eqs. (9), (10), (11) and
(12), the criterion for applicability of the phase scan
method can be verified for any input bunch and TWS2
properties.
It is noteworthy that the applicability criterion above

is derived in ideal conditions, and therefore give the ul-
timate limit of the phase scan method. It does not give
the practical accuracy or resolution of the phase scan
method. Two important effects exist that prevent to
measure a bunch duration as short as the applicability
criterion would allow with the phase scan method.
First, the criterion is defined such that only 3 values

of σpf
can be resolved, which is the very minimum to ap-

ply the phase scan method. Under these conditions, the
retrieved σti is very sensitive to a single outlier value of
σpf

. Such an outlier value can for example be generated if
an undetected time-limited and significant, namely much
larger than the usual jitter, change of the experimental
conditions happens (e.g. a jump of TWS2 accelerating
gradient and/or phase). This unknown error will affect
σti , but it might not be reflected in its error bar (e.g. if
the shot-to-shot jitter and therefore the error bar on σpf

remains the same before and after the TWS2 accelerat-
ing gradient and/or phase jump). The effect of such an
outlier on σti can be significantly mitigated by recording
more values (typically around 10) of σpf

as a function of
the injection phase into TWS2, so that in practice 2R〈p〉
in Eq. (9) should be replaced by a higher number (typi-
cally 9R〈p〉 to be conservative).
Second, the duration of ultrashort bunches is

not constant throughout TWS2 due to their initial
time/momentum correlation at TWS2 entrance and the
effect of the space-charge forces into TWS2. The space-
charge forces also modify the value of σpf

between TWS2
entrance and the high-energy spectrometer. As a result,
the retrieved value of σti is also modified, meaning in
practice a worse resolution than the theoretical applica-
bility criterion would allow. In other words, this means
that the assumptions 1 and 4 of Sec. IIIA are not any-
more fulfilled.

IV. INFLUENCE AND DETERMINATION OF
THE TWS1 FIELD PHASE VELOCITY AS

INPUT FOR THE SIMULATIONS

The primary goal of ARES is to generate ultrashort
electron bunches. One of the schemes that can be ap-
plied to this aim is to compress the bunch via the veloc-
ity bunching process [36] in TWS1. This process is espe-
cially sensitive to the bunch input momentum (at TWS1
entrance) and to the field phase velocity vph in TWS1.
These two parameters significantly influence the way the
not ultra-relativistic electron bunch from the ARES gun
(typically 3.5 to 4 MeV/c) is compressed in time via the
velocity bunching process.
On the one hand, the input bunch momentum can be

measured with an uncertainty better than a few percent
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FIG. 3. Simulated rms bunch duration after TWS1 as a func-
tion of the injection phase into it for several phase velocities
vph. The inset shows a zoom around the maximal compres-
sion. Conditions: 1 pC charge; 320 µm transverse diameter
of laser pulse driving the gun; 74 MV/m gun peak accelerat-
ing field (RF-gun at the phase maximizing the momentum →

3.85 MeV/c output bunch); See Table II.

with the low-energy spectrometer (see Fig. 1). On the
other hand, to the best of our knowledge, there is no con-
ventional method to precisely measure vph once a TWS is
installed on an accelerator. Nevertheless, in order to be
able to compare the bunch duration measured at TWS2
entrance via the phase-scan method with the prediction
from ASTRA simulations, it is essential to precisely know
vph for TWS1. Fig. 3 illustrates this by comparing the
TWS1 compression curve, namely the bunch duration
after TWS1 as a function of the injection phase into it,
simulated with ASTRA for several phase velocities. It
shows that a deviation of ± 1‰ respective to c (the de-
sign value for the TWS at ARES) leads to a significant
distortion of the TWS1 compression curve, especially the
injection phase leading to maximal compression is shifted
by around ± 5◦. The achieved minimal bunch duration
remains however very similar for the different phase ve-
locities.

For TWS2, the phase velocity has no significant influ-
ence on the electron bunch duration since it is already
ultra-relativistic after TWS1 (at least 30 MeV/c and up
to 79 MeV/c) and therefore almost frozen. In addition,
as shown in Sec. IIIA, the knowledge of vph in TWS2 is
not required to apply the phase-scan method.

To experimentally determine a TWS phase velocity,
we propose a method taking advantage of a not ultra-
relativistic input electron bunch, e.g. delivered by an
RF-gun. For such a bunch, the curve of the momentum
after a TWS as a function of the injection phase exhibits
a pattern with 2 maxima and a saddle point in between.
The shape of this curve, all other parameters being fixed,
strongly depends on the TWS phase velocity, as it is

FIG. 4. (a): Simulated average momentum after TWS1 as
a function of the injection phase into it for several phase ve-
locities vph. Phase gap ∆Φ between the maximum momen-
tum and saddle point as a function of vph for TWS1 (b) and
TWS2 (c). Conditions: Single particle and multi-particle sim-
ulations; See caption of Fig. 5; See Table II.
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TABLE IV. Phase velocities vph obtained for TWS1 and
TWS2 at ARES through the calibrations shown in Table III.
The results based on the calibrations obtained with single par-
ticle and multi-particle (104 macroparticles including space-
charge forces) ASTRA simulations are compared.

Case ∆Φ vph

TWS1 (single particle) 87.2◦ 1.000396 c

TWS1 (multi-particle) 87.2◦ 1.000396 c

TWS2 (single particle) 85.9◦ 1.000645 c

TWS2 (multi-particle) 85.9◦ 1.000644 c

This demonstrates that for the conditions used at ARES,
it is fully valid to use only single particle simulations to
establish the calibration curve ∆Φ(vph). This leads to a
significant gain of time, a few tens of minutes with sin-
gle particle simulations against several days with multi-
particle simulations, since ∆Φ has to be determined with
high precision (0.02◦ in our case) for this purpose. It is
also noteworthy that despite their different average gradi-
ent (≈ 1.1 MV/m), using the calibration curve for TWS1
to determine vph(TWS2) or vice-versa would lead to a
limited error. In fact, it would lead to vph(TWS2) =
1.000631 c instead of 1.000644 c, which is well below the
experimental error bar.

A last important step is to quantify the effect of the
typical uncertainty on the input bunch momentum at
ARES on the measurement procedure described above.
This is required, because a not ultra-relativistic input
bunch momentum also has a significant influence on the
phase slippage in the TWS. An error on its determina-
tion therefore comes with an error on the determination
of the calibration curve of Table. III, since it is deter-
mined for a fixed value of the input bunch momentum,
and subsequently on the determination of vph. To this
aim, it has been simulated which error on the input bunch
momentum (measured at 3.85 MeV/c) would be neces-
sary to retrieve the same ∆Φ than on Fig. 5 assuming
vph(TWS1) = c (the design value). As for Fig. 4, the re-
sults coming from single particle and multi-particle AS-
TRA simulations have been compared.

Fig. 6 shows that an input bunch momentum of around
3.12 MeV/c, translating into an error of 23.4%, would be
required to reach the measured ∆Φ = 87.2◦ if vph(TWS1)
was equal to c. This is much higher than the uncertainty
on the bunch momentum measurement at ARES, which
is typically of a few percent at maximum, correspond-
ing to around 0.1 MeV/c. Besides, this maximal error
of 0.1 MeV/c translates into an error of around 0.25◦

on ∆Φ, which is significantly lower than the uncertainty
on the experimental measurement of ∆Φ due to machine
jitters (0.5◦), which has been previously determined by
parabolic fits of the experimental data of Fig. 5 combined
with a Monte-Carlo algorithm. This demonstrates that
the uncertainty on the input bunch momentum would
only marginally modify the determined value of vph. To
take this into account, its contribution to the uncertainty

FIG. 6. Phase gap ∆Φ between the maximum momentum and
saddle point at the exit of TWS1 as a function of the input
bunch momentum. Conditions: Single particle and multi-
particle (104 macroparticles including space-charge forces)
ASTRA simulation; RF-gun at the phase maximizing the mo-
mentum (field amplitude is varied to change the bunch mo-
mentum); vph(TWS1) assumed equal to c (the design value);
See caption of Fig. 5 (a) and Table II.

on ∆Φ (0.25◦) is quadratically added to the one from the
machine jitters (0.5◦), resulting in an overall uncertainty
of 0.56◦. This increases the uncertainty on vph from
0.000091 c to 0.00010 c. For the simulations performed
in this paper, we considered vph(TWS1) = 1.00040 c ±
0.00010 c and vph(TWS2) = 1.00064 c ± 0.00010 c.

A slight trend can be noticed on Fig. 6. Namely, the
discrepancy in ∆Φ between the single particle and multi-
particle ASTRA simulations tends to increase when the
input bunch momentum decreases, up to 0.06◦ discrep-
ancy at 2.63 MeV/c. This is higher than the discrepancy
on Fig. 4, where a 3.85 MeV/c input momentum is used,
which is at maximum of 0.02◦ and therefore within the
statistical noise (∆Φ being simulated with 0.02◦ preci-
sion in our study). These 0.06◦ remains well below the
experimental uncertainty on ∆Φ and therefore of limited
relevance on ARES. However, this is an indication that if
a much lower input bunch momentum is used, e.g. from
a DC-gun, the use of single particle simulations to deter-
mine ∆Φ(vph) might not be valid anymore and has to be
tested carefully.

As mentioned before, the knowledge of vph(TWS2)
is not required for the bunch duration measurement
method presented in Sec. IIIA. It is however of inter-
est to be measured, for comparison with vph(TWS1).
Indeed, although the two TWS at ARES are based on
the same design, it is visible that their vph are differ-
ent, namely they do not overlap within the error bars. It
shows that vph is specific to a single TWS when installed
on an accelerator, and that it has to be characterized
separately for each of them. The method described in
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the paper), while the one measured for the Cs2Te cath-
ode points towards a higher response time in the range
between 200 and 300 fs. A detailed Monte-Carlo analy-
sis of the overlap between the simulation curve and the
range for the experimentally measured duration gives an
estimated response time of (271.4 ± 32.4) fs (at one stan-
dard deviation) for the Cs2Te cathode. This estimated
value is within the range coming from direct experimen-
tal measurements [43, 44], and is therefore compatible
with them. It will be used for comparison with simula-
tions in Sec. VB when a Cs2Te cathode is mounted in
the ARES RF-gun.

B. Systematic bunch duration measurements with
the phase scan method at ARES

The bunch duration at TWS2 entrance has been mea-
sured at ARES as a function of three parameters having
a significant influence on it: the RF-gun field amplitude
(Fig. 9 (a)), the bunch charge (Fig. 9 (b)) and the in-
jection phase into TWS1 (Fig. 9 (c)). Aside of each
bunch duration curve, a selection (for visibility reason) of
the raw data used for the measurement (rms momentum
spread as a function of the injection phase into TWS2)
is also displayed.
At the time where the data for Fig. 9 (c) were acquired,

a large amount of dark current through field emission
[45] was generated in the RF-gun, mainly coming from
its backplane and the cathode. To reduce it, a 1 mm
diameter collimator was used in the gun region, before
TWS1 (see Fig. 1). At the time where the data for Fig. 9
(b) were acquired, a similarly high level of dark current
was present. To reduce it without using the collimator,
which would also cut the bunch charge, we reduced the
RF-gun gradient from 69.5 MV/m to 64.9 MV/m. At
a later point, a CO2 cleaning of the ARES RF-gun was
performed, greatly reducing the level of generated dark
current. This allowed increasing the gun gradient up to
74 MV/m, without introducing significant disturbances
in the measurement by the dark current. Fig. 9 (a) was
then completed with the two highest gradients points and
the measurements of the TWS phase velocities presented
in Sec. IV were performed, the latter being independent
on the gun gradient.
The experimental results are compared with the pre-

diction from ASTRA simulations, in order to evaluate
our understanding of the ARES operation on the aspect
of bunch duration. Note that for this purpose, the TWS1
phase velocity determined in Sec. IV is used. For Figs. 9
(a) to (c), the error bar on the ASTRA simulation in-
cludes the jitter on the bunch charge, an uncertainty
of ± 0.25 A on the current injected into the focusing
solenoid located after the RF-gun and the uncertainty on
the TWS1 phase velocity. For Fig. 9 (c), since a Cs2Te
cathode and a 1 mm diameter collimator were used, the
uncertainties on the cathode response time and the bunch
charge after the collimator (measured with a resonator

[46]) are also included.

The experimental results in Fig. 9 are in very good
agreement with the ASTRA simulations, almost all the
points matching within the error bars. This demonstrates
a very good understanding of the ARES operation on
the bunch duration aspect for a large range of parame-
ters. The preparatory experimental determination of the
TWS1 phase velocity (Sec. IV) is especially important
to compare Fig. 9 (c) with ASTRA simulations. This
is illustrated by Fig. 10, where the experimental data of
Fig. 9 (c) are compared with ASTRA simulations where
a TWS1 phase velocity equal to c (the design value) is
used instead of the measured 1.00040 c used in Fig. 9 (c).
It is clearly visible that, even for this small change of the
phase velocity, a significant discrepancy between the AS-
TRA simulation and the experimental data, not covered
by the error bars, would appear when approaching and
overcoming the TWS1 phase for maximal compression.

To quantify the better agreement between the exper-
imentally measured bunch duration and the simulated
one when the measured vph(TWS1) (1.00040 c) is used
in simulations instead of the default design value (c),
we computed the distance between the edge of the er-
ror range of the experimental data and the edge of the
error range of the simulated data. This distance is set to
zero when the error regions are overlapping. The results
as a function of the injection phase into TWS1 are shown
in Table V, where they are normalized to the experimen-
tally measured bunch duration and expressed in percent.
A 0% value therefore means that the experimental data
agrees with the simulated ones within the error bars, not
that they are equal. This is the case for both simulated
dataset (vph(TWS1) = 1.00040 c and vph(TWS1) = c)
for the injection phases into TWS1 ranging from +20.1◦

to -30◦ (the first six experimental data points on Fig. 9
(c)). Table V therefore only displays the range from -40◦

to -87.8◦, where differences appear.

From Table V, it is visible that the agreement between
experimental data and simulations remains almost per-
fect when the experimentally measured TWS1 phase ve-
locity (1.00040 c) is used in the latter. Indeed, all the
points overlap each other within their error bars, except
at the injection phase into TWS1 of -70◦ where a mi-
nor disagreement exists. The behavior is clearly different
when the default design value is used in simulations for
TWS1 phase velocity (c). In fact, a limited disagreement
appears in the injection phase region between -40◦ and
-70◦, which then generally significantly increases when
approaching and overcoming the injection phase of max-
imal bunch compression. One can note that the agree-
ment becomes better again for the injection phases of
-84.8◦ and especially -85.8◦. However, as clearly visible
in Fig. 10, this is simply a coincidence due to the fact that
the experimental data and simulation curves cross each
other in this region. The combined analysis of Fig. 9 (c),
Fig. 10 and Table V clearly demonstrates that a precise
experimental determination of the TWS phase velocity is
required to properly simulate the velocity bunching pro-
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TABLE VI. Reconstructed bunch duration at TWS2 entrance
(σtreconstr.) as a function of the injection phase into TWS1
(φ0(TWS1)). σtreconstr. is obtained by applying the model
presented in Sec. III A to simulated curves of bunch momen-
tum spread at the high-energy spectrometer as a function of
the injection phase into TWS2. σtinit. is the simulated bunch
duration at TWS2 entrance, and therefore the target of the
reconstruction. Conditions: See Fig. 9 (c).

φ0(TWS1) σtinit. σtreconstr.

-82.8◦ 40.0 fs 37.2 fs
-83.2◦ 30.5 fs 27.2 fs
-83.5◦ 23.5 fs 19.4 fs
-83.8◦ 16.8 fs 15.7 fs
-84◦ 12.8 fs 15.3 fs
-84.2◦ 9.6 fs 15.3 fs
-84.5◦ 8.8 fs 17.1 fs
-84.8◦ 13.3 fs 19.9 fs
-85.2◦ 22.1 fs 25.2 fs
-85.5◦ 29.2 fs 31.9 fs

TWS2 to the one we used in our experiments. We then
applied the model presented in Sec. IIIA to the simulated
datasets and compared the reconstructed bunch duration
σtreconstr.

to the input one of the simulation (at TWS2 en-
trance) σtinit.

, which is the target of the reconstruction.
The results are shown in Table VI.
One can see in Table VI that σtreconstr.

also exhibits a
resolution limit (around 15 fs rms) in the vicinity of the
point of maximal compression, and the shortest values of
σtinit.

cannot be reconstructed accurately. This resolu-
tion limit does not come from the number of momentum
spread values as a function of the injection phase into
TWS2 used to compute σtreconstr.

. In fact, this number is
not limited in simulations, contrary to our experimental
measurements where it is limited by the resolution of the
high-energy spectrometer. The observed resolution limit
for σtreconstr.

is therefore induced by other experimental
conditions. As explained at the end of Sec. III B, two ef-
fects becoming not negligible for short bunches come into
play, namely the change of the bunch momentum spread
between TWS2 entrance and the high-energy spectrom-
eter induced by the space-charge forces and the not con-
stant duration of the bunch throughout TWS2. These
two effects affect the reconstructed bunch duration and
are therefore likely responsible for the experimental res-
olution limit observed on Fig. 9 (c).
One can observe that the experimental resolution limit

from Fig. 9 (c) (≈ 20 fs rms) is slightly higher com-
pared to the simulated one from Table VI (≈ 15 fs rms).
This difference can be explained by the fact that the ex-
perimental measurements are limited by the high-energy
spectrometer resolution, while the simulations are not.
It could also be explained by a difference of the space-
charge forces intensity between experiments and simu-
lations, which could for example come from a different
bunch transverse profile evolution into TWS2.
The minimum experimentally measured bunch dura-

tion of 20 fs rms is, to the best of our knowledge, around 4
times shorter than what has been previously experimen-
tally demonstrated based on RF-phasing techniques with
a single RF structure [23]. It could be slightly improved,
within the limits of the applicability criterion discussed
in Sec. III B, by reducing the space-charge forces effect.
This could be achieved by reducing the bunch charge
and/or the distance between TWS2 and the high-energy
spectrometer. In general, but not applicable to ARES,
using several TWS would also improve the resolution by
allowing inducing more momentum spread variation.

VI. CONCLUSION AND OUTLOOK

The commissioning phase leading to the first charac-
terization of the duration of the electron bunches gener-
ated by the ARES linac at DESY has been presented.
An RF-phasing technique, the phase-scan method, has
been applied with a 4.092 m long S-band travelling wave
accelerating structure for this purpose.
The sensitivity of the method allowed highlighting dif-

ferent response times for the Mo and Cs2Te cathodes
mounted in the ARES RF-gun, the value of around 270 fs
for the Cs2Te cathode estimated from comparison with
ASTRA simulations being consistent with direct mea-
surements reported in the literature.
The overall very good agreement between the experi-

mental measurements and the predictions from ASTRA
simulations demonstrates that the ARES operation is
well understood on the bunch duration aspect for a large
range of operation parameters (charge, gun peak field and
injection phase into TWS1). An important requirement
for that is the preliminary determination of the phase ve-
locity in TWS1. To this aim, we proposed a simple beam-
based method precise down to a variation of one part per
ten thousand respective to c. This method is of partic-
ular interest for the facilities aiming to generate short
electron bunches through the velocity bunching process,
since the phase velocity has a major influence on it. It
is applicable on any accelerator at the condition that a
not ultra-relativistic beam (typically ≤ 5 MeV/c) of pre-
cisely known momentum (uncertainty better than a few
percent) can be delivered at the entrance of a TWS and
a downstream momentum measurement is available.
The shortest bunch duration measured on ARES with

the phase scan method after compression via velocity
bunching in TWS1 is around 20 fs rms, which is very
likely limited by the influence of the space-charge forces.
This represents the first experimental demonstration of
the ARES linac ability to generate ultrashort electron
bunches. It is therefore a strong basis for future demon-
strations towards the ARES objective of even shorter
bunches (fs to sub-fs scale), which will require a dedi-
cated diagnostic to be resolved. The first PolariX-TDS
[31–33] is expected to be commissioned at ARES in the
first half of 2024, and the second one in the second half
of 2024 at the earliest, to fulfill this purpose. The phase-
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scan method, now routinely used at ARES, will be an im-
portant benchmark tool during the commissioning phase
of the PolariX-TDS and will also continue to serve as
additional diagnostics thereafter.
The capability of ARES to generate ultrashort electron

bunches in the range around 100 MeV combined with the
availability of conventional diagnostics will be of primary
importance for the TWAC project [47], which aims to de-
velop THz-driven structures for the purpose of accelera-
tion and compression of electron bunches down to tens of
fs rms. The ARES linac will serve as a test bench for the
development of advanced compact duration diagnostics
within the framework of this project.
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