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Abstract
Ultrafast electron probing techniques offer unique exper-

imental tools for investigating the structural dynamics of
ultrafast photo-induced processes in molecular and con-
densed phase systems. In this work, we propose using the
SEALAB Photoinjector’s exceptional and versatile electron
beam parameters to develop a state-of-the-art facility for
ultrafast electron diffraction and imaging (UED and UEI)
experiments with high sensitivity in space, energy, and time.
We first address the design of an electron lens based on
quadrupoles that enables easy switching between diffraction
and direct imaging modes with minimal system changes. We
compare the performance of the quadrupole-based lens with
a simpler solenoid-based lens with similar functionality by
calculating their respective aberration coefficients. Further-
more, we introduce the necessary beam-line modifications
for enabling dark field imaging in the SEALAB Photoinjec-
tor. This development is crucial to achieve high-resolution
imaging and enable the study of a wide range of material
systems.

INTRODUCTION
The SEALAB Photoinjector is a superconducting linear

accelerator located at the Helmholtz-Zentrum Berlin. Re-
cent studies have shown that the beamline is versatile enough
to produce electron bunches suitable for MeV Ultrafast Elec-
tron Diffraction (UED) and Imaging (UEI) experiments. The
Photoinjector’s combination of spatial and temporal resolu-
tion can resolve photo-induced structural dynamics as fast as
100 fs in solid-state targets [1]. The Photoinjector operates
in continuous wave mode, with a repetition rate that can be
tuned up to 1.3 GHz – a unique feature among UED facili-
ties worldwide [2]. The Photoinjector’s MeV range energy
also reduces space-charge forces, enabling it to pack more
electrons per bunch than lower energy facilities thus pro-
viding the opportunity to perform single-shot experiments.
The simplified layout of the beamline can be seen in Fig. 1.
The electron optics design for UED and UEI is tackled in
this work. The goal is to transfer the target information to
the detector with the highest quality possible. To do this,
the beamline section between the target and detector, with a
length of L ≈ 5 m, will be used. In addition, the optics design
aims to attenuate the background signal formed by unscat-
tered electrons that overwhelms the information-carrying
electrons by using a beam-blocker placed on a intermediate
Fourier plane, the so called dark field mode [3].
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ELECTRON OPTICS
When designing an electron optical system, any lens will

introduce aberrations that degrade the quality of the trans-
ferred information. However, lenses are necessary for imag-
ing because a drift section cannot provide the necessary
phase advance. The goal is to design an optical system com-
posed of lenses that minimize the aberration coefficients.
The electron optics in the SRF Photoinjector must meet
several requirements. It must provide imaging and diffrac-
tion modes at the detector, with an intermediate Fourier
plane always placed at the same position in the beamline
for both X and Y axes to filter unscattered electrons with a
beam-blocker. The magnifications in X and Y must be equal
for diffraction and imaging at the final scintillator screen.
Additionally, X and Y phase-spaces must be decoupled to
conserve directional information of the target. To build such
system, at least two lenses are needed. The first one must
produce a Fourier plane for both X and Y directions at the the
beam-blocker position. The second one must provide differ-
ent focal lengths for two operation modes to switch between
diffraction and imaging modes. The sketch of the electron
optics can be seen in Fig. 1. The design of an axisymmetric
zooming lens, which can change its focal distance by chang-
ing only one of the lens parameters, is tackled first. In light
optics, composed lenses can zoom-in and -out by varying
the distance between the individual components, but this is
not practical in accelerators because the lens components
must be precisely positioned to avoid parasitic aberrations.
Therefore, a change in intensity through one of the compo-
nents of the lens must provide different focal distances in
which the symmetry between X and Y is conserved.

Axisymmetric Zooming Lens with Quadrupoles
The focusing strength of single quadrupoles scales more

favorably with beam energy than the one of solenoids. In ad-
dition, properly aligned quadrupoles do not couple X and Y
phase-spaces. On the other hand, individual quadrupoles do
not constitute axisymmetric lenses since they have the oppo-
site focusing-defocusing effect in both transverse directions.
Nevertheless, axisymmetric lenses can be constructed by
combining several quadrupoles. To design the electron op-
tics, the quadrupole design seen in Fig. 2, which is already
used in SEALAB, is utilized. These are inexpensive air-
cooled quadrupoles. The effective length is leff = 119.2 mm
and the distance from the poles to the beam axis is 32 mm.
Currents of 8 A through the coils produce a maximum on-
axis gradient of 1 T/m, providing a quadrupole strength of
approximately 100/m2 for a beam momentum of 3 MeV/𝑐.



Figure 1: Sketch of the UED beamline in the SRF Photoinjector.

Figure 2: Design (left) and normalized gradient (right) of
the SEALAB air-cooled quadrupoles.

Dymnikov et al. studied the composition of quadrupole
multiplets that have the same properties as axisymmetric
lenses [4]. If RL is the transfer matrix of the composed lens,
it will be axisymmetric only if it has the following shape:
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Hence, the 2x2 sub-matrices RL−X and RL−Y must be

equal in an axisymmetric lens. This condition is nearly
met by Russian multiplets, which consist of an even num-
ber of quadrupoles powered symmetrically around the
center of the lens: A-B-B-A for a quadruplet, A-B-C-C-
B-A for a sextuplet, and so on. The quadrupoles alter-
nate between focusing and defocusing effects (F-D-F-D)
and are symmetrical in length and spacing between them
(l1 − S1 − l2 − S2 − l2 − S1 − l1). The transfer matrix RR for
Russian multiplets always has the shape
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It is possible to find combinations of quadrupole strengths

and positions that make the transfer matrix RR axisymmetric
(RR11 = RR22). The Russian Quadruplet is the simplest mul-
tiplet that can do so, but this cannot be achieved for more
than one excitation values of any of the quadrupoles, so it
cannot work as a zooming lens. The Russian Sextuplet is the
simplest system that can act as a zooming axisymmetric lens
by changing the excitation of the central quadrupoles. This
is possible because RR11 and RR22 are both quadratic func-
tions of the strength of the middle quadrupoles (K3) and, by

carefully selecting the rest of the sextuplet parameters, both
parabolas can intersect for two different values of K3. In
addition to forming an axisymmetric zooming lens, another
requirement is that the two working points of the lens provide
diffraction (R11 = 0) and imaging (R12 = 0) between two
points in the beamline separated by a distance L1/2. To find a
numerical solution that satisfies all of the conditions, Python
is used. A function calculates the transfer matrices of the
equivalent lens, multiplies them with the transfer matrices
of the drifts 𝑝 and 𝑞 in front and behind the lens, and then
uses a nonlinear equation system solver to find a solution for
the free parameters K1,K2,K3, S1, S2, S3, p and q that fulfill
the previous requirements. The results are then verified with
the particle dynamics code Bmad [5]. The raytracing using
linear optics can be seen in Fig. 3.

Aberration Coefficients
The quality of a lens is determined by its intrinsic aber-

ration coefficients, which represent deviations from linear
optics due to higher order dynamics. However, previous
calculations only considered linear optics using hard-edge
models of the quadrupoles. To address this, the gradient on
axis of the quadrupoles shown in Fig. 2 is implemented into
the particle tracking code Astra [6] to calculate the aberration
coefficients for both the diffraction and imaging operation
modes of the sextuplet lens [7]. The performance of the
sextuplet lens is then compared with a simpler solenoid lens,
composed of two consecutive solenoids with opposite field
values to cancel out the Larmor rotation and the coupling
between X and Y. The position and strength of the solenoid
doublets is chosen so that the composed solenoid lens pro-
vides the same magnifications for diffraction and imaging
as the sextuplet lens. The field map of Solenoid B from
Fig. 1 is used for the tracking. The results are shown in
Table 1. The divergence of the calculated aberration co-
efficients <x|x0> and <y|y0> from the R11 and R12 values
of Fig. 3 show that deviations from the linear optics occur
once real fields are used for tracking. It can also be seen
that spherical aberrations are dominant in the optical sys-
tem, and that quadrupole-based optics offers significantly
reduced spherical aberrations compared to solenoid-based
optics with the same functionality. It has to be mentioned
that only the intrinsic aberrations have been used to compare
the lenses, not parasitic aberrations.



Figure 3: The linear trajectories for a Russian Sextuplet which can switch between diffraction (left) and imaging (right)
modes by changing only the strength of the central quadrupoles from K3 = 0.0/m2 to K3 = 33.57/m2. The rest of the
parameters are K1 = 8.65/m2, K2 = 11.20/m2, S1 = 0.29 m, S2 = 0.53 m, S3 = 0.05 m and p = q = 0.05 m. The colors of
the trajectories represents the initial divergence. In the case of diffraction(imaging), R11 = 0.0(−1.0) and R12 = 1.9(0.0).

Figure 4: Dark field modes for imaging (left) and diffraction (right). The X axis in these plots is two times the ones in Fig. 3.

Table 1: Aberration coefficients of the quadrupole- and
solenoid-based lenses with 𝜃 = x′, 𝜙 = y′ and 𝛿 =

Δpz
pz

[7].

Aberration
Coefficient

Quad.
Diff.

Sol.
Diff.

Quad.
Imag.

Sol.
Imag.

<x|𝑥0> 1.91 1.92 0.10 0.08
<y|𝑦0> 1.91 1.92 0.10 0.08
<x|𝑥′0> [m/rad] 0.02 0.04 -0.97 -0.94
<y|𝑦′0> [m/rad] 0.03 0.04 -0.89 -0.94

C
hr

om
at

ic <x|𝜃0𝛿0> [m/rad] -1.11 -1.15 5.95 6.6
<y|𝜙0𝛿0> [m/rad] 2.1 2.1 5.22 5.7
<x|x0𝛿0> [m/rad] 1.63 2.78 1.52 5.28
<y|y0𝛿0> [m/rad] 3.87 2.78 6.3 5.28

Sp
he

ri
ca

l <x|𝜃3
0> [m/rad3] 0.48 -42.85 -7.06 -770.21

<y|𝜙3
0> [m/rad3] 0.31 -42.85 -7.38 -770.21

<x|𝜃0𝜙
2
0> [m/rad3] -34.85 -42.85 -345.88 -770.22

<y|𝜃2
0𝜙0> [m/rad3] -64.08 -42.85 -344.00 -770.22

Design for Dark Field Imaging and Diffraction
The design of a beamline for dark field imaging and

diffraction using two consecutive units of the axisymmetric
lens design is proposed here. In the first half, the axisymmet-
ric lens is always used in diffraction mode (the two middle
quads can be removed) to produce a Fourier plane in the
middle of the optical beamline for both X and Y. The un-

scattered electrons can be blocked using a beam blocker
inserted at this position. In the second half of the beamline,
the same lens is used, but this time with the capability of
doing diffraction and imaging. As the transfer matrix of
both lenses is equal when operating in diffraction mode, the
Fourier transformation of the intermediate Fourier plane
produces an image of the target at the detector, while the im-
age of the intermediate Fourier plane produces a diffraction
pattern at the screen as shown in Fig. 4.

CONCLUSIONS
In this work, we have designed an axisymmetric elec-

tron lens composed of quadrupoles that can switch between
diffraction and imaging modes by changing a single power
supply value. In addition, a dark field imaging mode has
been developed for the requirements of the SRF Photoinjec-
tor in SEALAB. Both the quadrupole and solenoid solutions
require only three independent power supplies for the dark
field optics. A drawback of the quadrupole-based dark field
optical system designed here is that the magnification of
the imaging mode is always -1. Therefore, an additional
imaging lens system would be required after the detector to
achieve any meaningful magnification. Fortunately, there is
sufficient space behind the SRF Photoinjector to add some
meters of beamline for magnification optics after which a
second detector could be added.
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