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Abstract

The RUEDI (Relativistic Ultrafast Electron Diffraction
& Imaging) ultrafast electron diffraction (UED) beamline
aims to deliver MeV electron bunches for sub-10 fs timescale
diffraction experiments. The achievable momentum trans-
fer resolution of the diffraction pattern at the detector is
determined by the quality and focusing of the beam at the
sample, and the transport of the diffracted beam to the de-
tector. A beamline design is presented which allows for
flexible illumination onto the sample and variable angular
magnification. The pre-sample electron optics consist of
two apertures and two single-solenoid lenses followed by
the post-sample optics which consist of two double-solenoid
lenses. Simulated results are used to demonstrate the range
of capabilities of each system and show that RUEDI will be
capable of producing the high-resolution diffraction patterns
needed for a world-leading UED machine.

INTRODUCTION

RUEDI is a proposed user facility composed of two beam-
lines, a single-shot, time-resolved MeV imaging line, and an
ultrafast MeV diffraction line with sub-10 fs temporal resolu-
tion [1,2]. The diffraction line will consist of an S-band RF
photoinjector [3], a magnetic compression arc and variable
electron optics with a large variety of sample pumps and
environments available. The design of the electron optics,
consisting of a pre-sample condenser system for variable
sample illumination and a post-sample projection system for
angular magnification onto the detector, are outlined here.

VARIABLE ILLUMINATION

The pre-sample condenser optics allow for the tuning of
the bunch charge, spot size and angular convergence onto
the sample for different experiments. The condenser sec-
tion of the beamline, as shown in Fig. 1, consists of two
apertures alternating with two single-solenoid lenses. The
beam entering the condenser section of the machine is the
same for all modes: a4 MeV, 400 fC bunch undergoing bal-
listic compression from the magnetic arc which leads to a
temporal focus at the sample. This method of temporal com-
pression requires there to be a large energy chirp across the
beam, which increases the impact of chromatic aberration
effects throughout the beam transport. The two apertures are
used to cut the charge of the bunch to a variety of charges
from 1.6 fC for stroboscopic experiments up to 160 fC for
single-shot experiments.
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The different illumination modes provide a trade-off be-
tween coherence length, spot size, and the number of elec-
trons hitting the sample. The quality of the bunch at the
sample is quantified by its coherence length, L., which de-
termines the minimum achievable momentum transfer (Q)
resolution, AQgrms, at the detector. The relationship be-
tween these two values and their definition with respect to
the electron beam properties at the sample are given by
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where ¢, is the geometric transverse emittance, A is the de
Broglie wavelength of the electrons, o, is the RMS beam
size, and o,, is the RMS uncorrelated divergence of the
beam. This assumes that the sample size and energy spread
contributions to AQgp\s are negligible. Other key parame-
ters include the bunch length which can be affected by strong
space charge forces at transverse focuses, and the transverse
size of the beam.

The main illumination mode used in diffraction experi-
ments is with the beam focused parallel onto the sample.
This improves the Q resolution as the larger beam at the
sample reduces the uncorrelated beam divergence and so
reduces the contribution of this divergence to the angle of the
diffracted beam. This mode gives the best pattern quality and
temporal resolution of any mode, but has a limited smallest
spot size [4]. Other modes of interest include: a converging
illumination mode, which focuses the bunch so it converges
onto the sample allowing for higher charge density with min-
imal focusing, but as this does not have parallel illumination,
projector optics are required to focus the resulting diffrac-
tion pattern onto the detector; and a small-spot mode which
strongly focuses the bunch creating a crossover, allowing for
micro-diffraction experiments [5], but with worse temporal
resolution due to space charge forces, and detrimental effects
on the pattern quality.

Figure 2 shows a comparison of how the beam will be cut
and focused by the apertures and solenoids for these three
illumination modes. For the parallel and converging modes,
the first solenoid lens is used to focus the beam parallel
onto the second aperture which cuts the charge. The second
solenoid is then used to choose the focus of the beam onto the
sample. Cutting the charge in the second aperture removes
the outer particles of the bunch as late as possible and so
reduces space charge driven emittance growth.

For the small-spot mode, the charge is cut in the first aper-
ture to decouple the charge delivered to the sample from the
tuning of the first solenoid. The first solenoid is then used to
focus the beam into a transverse crossover such that the beam
size at the second solenoid is larger than at the first. The
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Figure 1: Schematic showing the condenser and projector sections of the RUEDI diffraction line.
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Figure 2: Diagrams of how the condenser apertures and
solenoids are used for different sample illumination modes.
The red arrow indicates the direction of electron travel.

second solenoid then sharply focuses the beam into a waist
on the sample, which approximates parallel illumination as
the beam divergence at a waist is uncorrelated.

Simulations were carried out using General Particle Tracer
(GPT) [6] to determine the achievable beam parameters at
the sample. The results for the parallel and small-spot modes
can be seen in Table 1. For the small-spot mode, beam sizes
as low as 32 ym FW diameter can be achieved for a 1.6 fC
bunch while keeping the bunch length to 18.6fs and the
transverse emittance increase in comparison to the parallel
mode to only 11%. However, the increase in bunch length
and transverse emittance for the larger 160 fC charge are
much more prevalent in the small-spot mode.

Table 1: Beam Parameters at the Sample

Parallel Small-spot
Charge [fC] 1.6 160 1.6~ 160
FWHM t [fs] 5.7 9.2 18.6 95.7
FW diameter [pum] 168 1670 32 417
£, [nm rad] 2.02 268 222 415
&,y [nm rad] 1.96 294 217 382
Byp [fC/mm rad?] 041 020 0.33 0.10
L¢ [nm] 7.0 5.8 093 0.83
AQrums [A71] 0.014 0.017 0.11 0.12

Solenoid strength limitations are an issue for the small-
spot mode where the second solenoid needs to focus the
very large and diverging beam sharply to form a waist at
the sample downstream. In simulation, this required peak
field strengths of up to 370 mT, so a pole-piece enhanced
solenoid with a short, strong field should be used.

ANGULAR MAGNIFICATION

The post-sample projector optics allow for variable angu-
lar magnification of the scattered electrons onto the detector.
Following the sample chamber, the bunch passes through a
two solenoid imaging system, as seen in Fig. 1, similar to
that used at Osaka [7,8], and at the SLAC MeV UED facility
which used permanent magnet solenoids [9]. A two lens
system was chosen for its variable magnification capabilities,
which remove the limitations placed on measured Q resolu-
tion by the size of the detector and its pixelation. Instead,
the resolution is only limited by the coherence length of the
bunch at the sample, as defined in Eq. (1), and the transport
of the scattered bunch.

The first lens (the diffraction lens) focuses the beam onto
its back focal plane and converts the scattering angle of
the diffracted beam into transverse position. The second
lens (the projection lens) then magnifies this image onto the
detector, for a total of %77 phase advance. This system can
be described using the transfer matrices,
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where x; and x] are the particle’s spatial and momentum
coordinates at the sample, Xp and x} the coordinates at the
detector, f; is the focal length of the diffraction lens, m is
the magnification and m’ is the axial derivative of m at the
detector [10, 11]. The magnification is determined by the
camera length of the projection system. For a drift, this is
the distance from the sample to the detector, L. For a two
lens system the (effective) camera length is given by

cp =2k 3)
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where L,, Ly and L, are the distances as shown in Fig. 3. A
larger camera length range therefore means a larger range of
magnifications.

The two solenoid lenses are positioned at 0.5 m and 1.1 m,
and the main detector at 4 m from the sample. The position
of the projector lens is a trade-off between camera length
range and Q resolution. Being further from the diffraction
lens, up to an optimal distance of 2.3 m from the sample,
increases the range of camera lengths that can be achieved,
after which the range decreases again. Being as close as
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Figure 3: Ray diagram of projector system. The yellow dots
indicate the back focal plane of the diffraction lens (DL),
and the three different ray colours represent three different
initial particle angles.

possible to the diffraction lens improves the Q resolution
as there is less distance over which the beam can expand
so the beam stays small in the solenoids, minimising the
chromatic aberration effects that result from the large energy
spread across the bunch required for compression. Similarly,
moving the detector further from the sample allows for longer
camera lengths, but increases the footprint of the machine.
The length and strength of the lenses also affects the cam-
era length range. Double-solenoids [12] were chosen to min-
imise the effects of Larmor rotation on the scattered beam,
but this makes the field longer and weaker. A longer field
limits the camera length as, for the maximum camera lengths
where the strength of the diffraction lens is such that its back
focal plane is within its own field, the bunch undergoes more
focusing after passing through its waist. This causes the
camera length to deviate from the thin-lens approximation
assumed in Eq. (3). To counteract this, an improved double-
solenoid with a shorter, stronger field profile was designed
by adding shaped pole pieces to the yoke, achieving a camera
length much closer to the thin-lens approximation.
Simulations of a diffracted 16 fC parallel illumination
beam transported through the projector system were used to
determine the achievable camera lengths and Q resolutions
for different lens designs and arrangements. The scattering
of the beam was calculated using a GPT custom element.
The strength of the two lenses were varied in opposition to
scan the position of the back focal plane and so the camera
length as seen in Eq. (3), whilst maintaining the imaging
condition. To calculate the Q resolution, the diffraction pat-
tern at the detector is histogrammed according to momentum
transfer, then the Q resolution, AQgwpwm, is calculated as
the average FWHM of the peaks. The results of these sim-
ulations are shown in Fig. 4, comparing a single-solenoid
with a maximum field strength of 268 mT to the improved
double-solenoid with a maximum strength of 421 mT. The
projection lens is compared at two distances from the sample.
The “at sample limit’ is defined as in Eq. (1), then converted
from RMS to FWHM approximating the peaks as Gaussian.
The Q resolutions shown in Fig. 4 are largely unaffected
by the choice of lens design. Instead, the sharp increase
in Q resolution seen at lower camera lengths is due to the
aberration effects of the projector lens. Smaller camera
lengths are achieved by using a stronger diffraction lens to
move the back focal plane upstream, leading to a larger bunch
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Figure 4: Simulated results of using projectors to transport
the diffracted beam. a) An example of the diffraction pattern
at the detector. b) The diffraction pattern histogrammed
according to momentum transfer. c) Q resolution for the full
camera length range of the single vs double solenoid, and
with the projection lens positioned 1.1 m or 2m from the
sample. The star indicates the point shown in a) and b). The
at sample limit is as defined by Eq. (1).

in the projector lens and so increasing aberration based Q
resolution degradation. In the case where the projector lens
is positioned 2 m from the sample, good Q resolutions can
only be achieved for a very small camera length range, all
of which is under 4 m resulting in demagnification, as these
are the only camera lengths where the bunch is small in
the projection lens. The camera length range that has a
Q resolution below 0.05 A~!, using the optimised double-
solenoid with the projector lens at 1.1 m from the sample, is
3.25mto 11.73 m, equivalent to 0.8 x to 2.9 x magnification.

CONCLUSION

A design is presented for the RUEDI ultrafast electron
diffraction line electron optics. A pair of condenser lenses
and apertures are used to tune for different illumination
modes, achieving up to 0.41fC/nmrad® brightness with
sub-10 fs bunch length at the sample. Two lenses are then
used to image and magnify the scattered beam, achiev-
ing sub-0.05 A~! Q resolution for camera lengths 3.25m
to 11.73 m. Future design work will focus on further im-
proving the magnet design to widen the capabilities of both
systems.
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