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Abstract
A high-quality beam is necessary for electron scattering

experiments at the superconducting Darmstadt electron lin-
ear accelerator S-DALINAC. An optimisation of the bunch
length to typical values of < 2 ps is performed to reach a high
energy resolution of 10−4. Currently, this is accomplished
by inducing a linear momentum spread on the bunch in one
of the accelerating cavities. The bunch length can then be
measured with a target downstream. This method is time
consuming and provides only an upper limit of the bunch
length. Two new setups for bunch length measurements will
improve the optimisation process significantly. On the one
hand, a new diagnostic beam line is set up in the low energy
beam area. It includes a deflecting copper cavity used for
measuring the bunch length by shearing the bunch and pro-
jecting its length on a target. On the other hand, a streak
camera placed at different positions downstream the injector
and the main linac will be used to measure the bunch length.
Optical transition radiation from an aluminium coated kap-
ton target is used to perform this measurement. The present
layout of both systems and their current status will be pre-
sented in this contribution.

INTRODUCTION
Since 1991 the institute operates the S-DALINAC for

high-resolution electron scattering experiments [1]. It is
a thrice-recirculating linear electron accelerator that pro-
duces a continuous-wave electron beam at a frequency of
2.997 GHz. The accelerator is designed to reach its maxi-
mum energy resolution of 10−4 with bunch lengths < 2 ps [2].
Currently, this property of the electron bunches is checked
with a method involving the last cavities of injector and linac
as well as a dispersion calibrated target. By operating these
cavities 90° off-crest the length of the passing bunches is
changed and made visible on the beam target. As a result, an
estimate for the bunch length can be extracted. Although the
method works and provides a useful result for accelerator
diagnostics, it causes some difficulties:

• Because of the intrinsic transversal beam size of the
bunch and broadening caused by the used targets, the
bunch length measured is only an upper estimate.

• The bunch length is only determined at the position
of the last cavities of injector and linac and must be
extrapolated for other locations.

• The method does not allow for an evaluation of the
bunch length when all cavities are operated as intended.
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Figure 1: Floorplan of the S-DALINAC. The positions for
the current method for bunch length measurements (picture
from [3]) are highlighted in blue. The new methods using a
deflecting cavity and a streak camera (picture from [4]) are
planned to be used at the locations in red and purple.

To tackle these issues, two new devices for bunch length
measurements are planned to be used at the S-DALINAC.
One of these is a deflecting copper RF cavity that is placed in
an upward diagnostic beam line (see Fig. 1). It will enable a
bunch length measurement in the normal-conducting beam
line area in front of the injector. While it is possible to do a
bunch length measurement with the prebuncher this method
also only provides an upper estimate of the bunch length [3].
Instead, the deflecting cavity will allow for a direct measure-
ment of the bunch length. The width broadening caused
by the target is planned to be eliminated by replacing the
target with a wire scanner. The simulated properties of the
diagnostic beam line and its current status will be presented
in the following section. The other device is a streak camera
used for the high energy areas of the accelerator. Therefore,
the planned setup and its parameters will be presented here.

SETUP FOR
BUNCH LENGTH MEASUREMENTS

IN FRONT OF THE INJECTOR
A sketch of the setup for bunch length measurements with

the deflecting cavity is shown in Fig. 2. A dipole magnet,
which can be used to lead the beam into the upward diag-
nostic section, is situated downstream a chopper prebuncher
system. The magnet is broadening the beam in one transver-
sal dimension. The energy resolution of the bunch can be
estimated by measuring the width on the target. A deflecting
copper cavity with its TM110 mode imposes a shear on the
bunch for the bunch length measurement.
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Figure 2: Sketch of the planned setup for bunch length mea-
surements in front of the injector of the S-DALINAC (fol-
lowing [3]).

Likewise, the increased width in the other transversal
dimension caused by the cavity is related to the bunch length.
A quadrupole magnet is placed between the dipole magnet
and deflecting cavity to improve the accuracy of the bunch
length measurement (for details see below).

Simulation of Diagnostic Setup
Using the particle tracking code ASTRA [5] (and ele-

gant [6] for the dipole) the setup was simulated with vari-
ous bunch configurations. The width and length of normal
distributed electrons in a bunch can be given in terms of
standard deviations. Here the bunch length is defined as 𝜎𝑧0
and the bunch width in one transversal dimension is given as
𝜎𝑥 (here assumed as the x-dimension, for simplicity). The
total width on the target at the end of the diagnostic setup is
given by:

𝜎𝑥 = √𝜎2
𝑥,0 + 𝜎2

𝑥,𝑇𝐷𝐶 = √𝜎2
𝑥,0 + ( 2𝜋

𝛽𝜆
𝑑⟨𝑥⟩
𝑑𝜑 𝜎𝑧0

)
2
. (1)

𝜎𝑥,0 is the width of the bunch without the influence of the
deflecting cavity. 𝜎𝑥,𝑇𝐷𝐶 is the width increase by shearing
the bunch when it passes the deflecting cavity. Rearranging
Eq. (1) for the bunch length yields:

𝜎𝑧0
= 𝛽𝜆

2𝜋
√𝜎2

𝑥 − 𝜎2
𝑥,0

𝑑⟨𝑥⟩
𝑑𝜑

. (2)

This formula requires two measured values before the bunch
length can be extracted. One of these is a derivative of the

mean beam position as a function of the phase of the cavity
that obeys the following relation:

𝑑⟨𝑥⟩
𝑑𝜑 = 𝑙

𝑝𝑥,0
𝑝𝑧

. (3)

𝑝𝑥,0 is the deflecting momentum caused by the cavity. It
depends on the phase 𝜑 at which the deflecting cavity is
operated. 𝑝𝑧 is the longitudinal momentum of the bunch in
beam direction and 𝑙 is the length of the path between the
target and the centre of the cavity. Instead of measuring the
values on the right hand side of Eq. (3), the mean value in
the deflected dimension of the projected bunch distribution
⟨𝑥⟩ is measured. This is done for various values of 𝜑 around
the set point for the bunch length measurement. A linear fit
is applied to the measured values and the slope of this fit
is equal to the right hand side of Eq. (3). The derivative is
determined easily during operation in this manner and this
has to be done only once (unless the momenta are changed).
The other value to be measured for using Eq. (2) is the in-
trinsic width of the bunch in the deflecting dimension 𝜎𝑥,0.
By switching off the deflecting cavity this value is evaluated
on the target screen.
The simulations had the goal to check whether the proposed
measurement setup can be realised under the conditions of
the beam in this location. This was achieved by multiple
simulations with increasingly complex bunch distributions
with a particle size of 5000. The first tests used a Gaussian
bunch with a point like transversal beam size (essentially the
electrons are aligned like pearls on a necklace). For the final
runs the whole area from thermionic gun to the target of
the diagnostic section was simulated using a realistic bunch.
Space charge effects were not considered due to the small
charge of the S-DALINACs bunches (33 aC – 6.7 fC).
The simulations were performed with bunch lengths of
3.57 ps, 9.94 ps and 16.54 ps that cover the range of the ex-
pected bunch lengths at this setup. It was found that the
intrinsic width of the bunches 𝜎𝑥,0 is too large for an accu-
rate measurement (at least a relative uncertainty of 10%). A
good accuracy can only be obtained when 𝜎𝑥,𝑇𝐷𝐶 ≫ 𝜎𝑥,0
according to other works [7]. As a result, a quadrupole mag-
net was added to the setup. Also the chopper in front of the
diagnostic section is causing a initial shear on the bunches.
This shear can either increase 𝜎𝑥 or reduce it depending on
the direction the deflecting cavity is shearing the bunch. The
shear direction of the deflecting cavity is fixed by one of two
possible set points of 𝜑. The increased 𝜎𝑥 will be called 𝜎𝑥,+
and the reduced 𝜎𝑥 will be called 𝜎𝑥,− from now on. The
initial shear of the chopper is compensated by measuring
𝜎𝑥,+ as well as 𝜎𝑥,− and use their mean value to calculate
the bunch length [8]. Finally, the simulated beam images
have a size that is barely fitting into the installed beam pipe
in the diagnostic section. Since the radiation caused by the
electrons hitting the beam pipe with an energy of 250 keV
is not inhibiting the measurement, the beam pipe diameter
will not be increased. The low currents in the µA-range used
for the measurement will also lead to only minor amounts
of radiation.
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The extracted bunch length measurements from the im-
ages are summarised in Table 1. The simulated bunch distri-
butions on the target screen are given in Fig. 3.

Figure 3: Distribution of the electrons hitting the target at the
end of the diagnostic section. Cases (a)-(c) are identical to
the cases shown in Table 1. The left side shows the set point
of 𝜑 leading to the larger width 𝜎𝑥,+ on the screen. The right
side shows the set point of 𝜑 leading to the smaller width
𝜎𝑥,− on the screen. The brown circle shows the beam pipe
currently installed in the diagnostic section. The normalised
relative density is shown in the colours of the dots and has
arbitrary units. The simulation results for these figures can
be found in Table 1.

Table 1: Simulation results from the images in Fig. 3. The
tested bunch lengths 𝜎𝑧0,code do not deviate more than 2%
from the measured bunch lengths extracted from the im-
ages 𝜎𝑧0,screen. 𝜎𝑥,+ and 𝜎𝑥,− are the image widths on the
beam target for each set point of 𝜑 that are used to calculate
𝜎𝑧0,screen.

cases (a) (b) (c)
𝜎𝑧0,code 3.57 ps 9.94 ps 16.54 ps
𝜎𝑧0,screen 3.57 ps 10.01 ps 16.88 ps

𝜎𝑥,+ 4.50 ps 11.84 ps 18.71 ps
𝜎𝑥,− 4.07 ps 11.34 ps 18.11 ps

SETUP FOR
BUNCH LENGTH MEASUREMENTS

BEHIND THE INJECTOR UP TO 10 MeV
Because of the high energies behind the injector a differ-

ent setup at this position is planned to be used for bunch
length diagnostics. This setup involves the use of a streak
camera that transforms light pulses with a photocathode into
low energy electron bunches. These bunches are deflected
with a pair of electrodes and hit a phosphor screen where
the bunch length can be read out. Figure 4 shows a sketch
of the streak camera.

Figure 4: Sketch of a streak camera and its internal setup.
Photoelectrons are created and deflected with a pair of elec-
trodes to enable the measurement of the bunch length on a
phosphor screen (following [4]).

Because of the camera being only receptive to visible light
the electron bunches behind the injector must be transformed
to light pulses. This will be achieved by using optical tran-
sition radiation (OTR) targets. They conserve the temporal
structure of the bunch and are implemented in S-DALINAC
already for emittance measurements. This light must be
transported to the slit in front of the streak camera via a
telescope and periscope. The former reduces the transver-
sal size of the light pulse and improves the accuracy of the
measurement just like the quadrupole magnet does for the
deflecting cavity. The latter is used to prevent a direct line
of sight between camera and target. This prevents radia-
tion from the direction of the target from causing damage
to the device. Covering the camera beneath a massive lead
shielding prevents radiation from any other direction from
entering the camera. The last mirror of the periscope will be
an off axis parabolic mirror focusing the light pulse directly
on the slit of the camera.
To be able to measure the typical bunch lengths of the ac-
celerator, a resolution of ≤ 1 ps is required. Multiple factors
contribute to the resolution of a streak camera, but the most
important factor is the slit size in front of the camera. This
resolution factor 𝑅slit can be estimated by multiplying the
whole slit width 𝑏slit with the velocity 𝑣streak the camera
deflects the bunches over its screen at the end of the device.

𝑅slit = 𝑏slit𝑣streak (4)
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Figure 5: Proposed setup for a streak setup to measure bunch lengths via OTR targets. The created light pulses enter a
telescope followed by a periscope leading the light to the streak camera close to the floor. The last mirror in the periscope is
concave so that the light is focused on the small entrance slit of the camera.

Using 𝑣streak of the proposed device (C10910 by Hama-
matsu) and a resolution value of 1 ps one would require a slit
width of 94.4 µm. This highlights the necessity of the optics
setup in front of the camera. Figure 5 shows the proposed
setup for the streak camera.

CONCLUSION
For a high-quality beam at the experimental sites of the

S-DALINAC the bunch length must be optimised to a value
of < 2 ps. In front of the injector a diagnostic section with
a deflecting cavity will enable measurements of the bunch
length. Simulations of this section revealed the necessity
of a quadrupole magnet because of the large beam width
decreasing the accuracy of the measured bunch lengths. For
the superconducting areas of the accelerator a setup involv-
ing a streak camera is planned to be used. Because of the
required resolution and the vulnerability of the camera a
telescope-periscope setup is intended for the device.
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