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Abstract

An upgraded femtosecond slicing facility has been com-
missioned successfully at the Advanced Light Source. In
contrast to the original facility at the ALS which pioneered
the concept, the new beamline uses an undulator (the first
in-vacuum undulator at the ALS) as the radiator producing
the user photon beam. To spatially separate the femtosec-
ond slices in the radiator, a local vertical dispersion bump
produced with 12 skew quadrupoles is used. The facility
was successfully commissioned during the last 1.5 years
and is now used in routine operation.

INTRODUCTION

The ALS is one of the earliest third generation syn-
chrotron light sources located at Lawrence Berkeley Na-
tional Laboratory and is serving more than 2200 users ev-
ery year. To generate short pulses of x-rays with durations
of 100−200 femtoseconds, an innovative technique to slice
the longer electron bunches was proposed and successfully
demonstrated several years ago [1]. The technique uses
a femtosecond laser beam copropagating within an undu-
lator or wiggler to energy-modulate a short section of a
bunch. Using spatial or angular dispersion downstream of
the interaction with the laser combined with apertures in
the beamline to block the light of the unsliced part of the
bunch one can then produce fs x-ray pulses. A sketch of
the main accelerator components of the new undulator fs-
slicing beamline is shown in Fig. 1.

Figure 1: Sketch of slicing arrangement at ALS.

Initial scientific experiments have been carried out un-
til 2005 using an ALS bending magnet beamline. Based
on the performance limitations of that beamline, particu-
larly the very low flux, an upgrade was successfully im-
plemented in 2002-2007, which enables more experiments
that make use of time resolved spectroscopic techniques
(like time resolved x-ray diffraction or time resolved x-ray
absorption spectroscopy) and require higher average pho-
ton flux (compare Fig. 2).
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Figure 2: Flux and brightness of the original and upgraded
fs slicing sources at the ALS.

Based on the slicing concept pioneered at the ALS, other
light sources like BESSY and SLS have implement undu-
lator slicing beamlines as well, however all three facilities
use different methods to generate the spatial separation of
the elctron slices and also are targeted for different wave-
length regimes and science applications.

Components of the undulator slicing upgrade

The upgrade consists of many new components, some of
which were technically challenging. In addition, a large set
of accelerator physics challenges needed to be overcome.
The new hardware consists of two new insertion devices
(modulator and radiator), two new undulator beamlines, a
new laser system with significantly higher repetition rate
and modifications to the storage ring to create the vertical
dispersion bump used for spatial separation. One of the
new insertion devices is a wiggler which is simultaneously
used for protein crystallography and as modulator for the
slicing. The second insertion device is an in-vacuum un-
dulator. Since the photon energy range required by the sci-
ence case is large (about 200 eV to 10 keV) and the beam
energy of the ALS is only 1.9 GeV, the in-vacuum undu-
lator is used as an undulator up to about 4 keV and as a
wiggler up to 10 keV. At a later time it is planned to add
an eliptically polarizing undulator to enable studies of ul-
trafast magnetism.

Challenges

The accelerator physics challenges created by the new
facility were centered in 3 main areas: generating the verti-
cal dispersion bump to provide the spatial separation to iso-
late the fs x-rays pulses, minimizing the vertical emittance
and spurious dispersion, and studying insertion device re-
lated issues [3, 4]. The issues studied in connection with
the insertion devices include - to just name some examples
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- their effect on the nonlinear dynamics, resistive wall heat-
ing effects, impedance issues and the effects caused by the
field imperfections of the devices (coupling, focusing and
orbit errors).

PROJECT STATUS

Starting in 2002 the design, construction and commis-
sioning of the upgrade started. First the new modula-
tor was installed and commissioned in 2004 verifying the
nonliear transverse dynamics studies carried out before-
hand. A significant technical challenge that was solved
was a completely new carbon filter assembly for the pro-
tein crystallography beamlines fed by this wiggler, which
was necessary because of the higher power density. The
lattice modifications to provide the vertical spatial sepa-
ration were implemented and tested over a long period,
optimizing the properties of the closed vertical dispersion
bump along the way. The initial demonstration happened
in 2002. The final, optimized solution that is compatible
with the new higher brightness user lattice and provides
very small global as well as local coupling was imple-
mented in 2005. A technical challenge of the dispersion
bump was that it required some skew quadrupoles of up to
4 times the strength of the original ALS skew quadrupoles
(k values of more than 0.4m−2). In order to provide this
whithout giving up the ability to use the horizontal correc-
tors in the combined functions sextupoles/correctors/skew
quadrupoles, significant changes were made to the mag-
nets and verified in magnetic measurements and later with
beam. The new in-vacuum insertion device together with
new vacuum chambers, beam diagnostics, chicane mag-
nets, interlock systems, and beam aperture defining col-
limators were installed in 2005. The soft x-ray beam-
line started commissioning in late 2005 and the hard x-ray
beamline in early 2007. The main challenge in the beam-
lines were the chopper systems which reduce the heat load,
background and radiation damage due to light from un-
sliced bunches. The 20 kHz laser system is in use since
summer 2005. First science experiments on the soft x-ray
beamline were carried out in 2006.

NEW INSERTION DEVICES

As the first insertion device for the upgrade, the new wig-
gler (1.9 T, 114 mm period) was installed in 2004. The
potential impact of the new insertion devices on the beam
dynamics [5] was studied very carefully in advance. The
geometry of the magnetic assembly was chosen such that
the nonlinear effects are negligible. Once the wiggler was
installed this was verified experimentally. The protein crys-
tallography beamline using the wiggler employs carbon fil-
ters in the beamline frontend, to reduce the heat load on
the downstream beamline optics and the beryllium win-
dow. Since the new shorter period wiggler delivers a higher
power density, a complete redesign of those carbon filters
was carried out using two layers of highly oriented carbon,

clamped between watercooled metal frames. The new de-
sign works extremely well, requiring no maintenance or ex-
change of parts.

The in vacuum undulator (see Fig. 3) was installed in the
upstream half of one ALS straight in April 2005. It is the
first such device installed in the ALS and has a minimum
physical aperture of about 5.2 mm, compared to the more
than 8 mm of the smallest physical aperture before than.
Extensive dynamics studies were carried out beforehand, to
demonstrate that this reduction in physical aperture will not
have a significant impact on the momentum aperture [3].

Figure 3: Picture of the first ALS in-vacuum undulator with
3 cm period and 1.52 T maximum field.

The undulator has been in routine user since 2005 and
measurements of the Touschek lifetime (which generally
is the dominating lifetime contribution at the ALS) as a
function of gap confirmed that with the improvements in
coupling control and the improved dispersion bump with
small local coupling at the location of the undulator, there
is no measurable impact of the gap reduction on the dy-
namic momentum aperture (see Fig. 4).

Figure 4: Touschek lifetime as a function of magnetic gap
of the in vacuum insertion device. The physical aperture is
about 0.3 mm smaller than the magnetic gap.

Radiation Damage

One major issue with permanent magnet insertion de-
vices, especially when operating with relatively short life-
times in top-off mode is radiation damage. The in-vacuum
undulator installed at the ALS uses a heat treated, high
Hci NdFeB material (Neomax-38VH), which minimizes
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the sensitivity to radiation damage. In addition, as part of
the top-off upgrade, beam loss patterns for injection, stored
beam losses, as well as beam trips were studied in detail.
Realtime radiation monitors are installed around the undu-
lator and adjustable vertical collimators were designed and
installed at 4 locations of the ring. Measurements after their
installation confirmed that they are very effective at local-
izing stored beam losses away from people and sensitive
equipment as well as preventing injection mishaps when
the undulator is closed. Before top-off operation starts we
will add more local shielding to those collimators.

VERTICAL DISPERSION BUMP

The vertical dispersion bump used to provide the spatial
separation now uses 12 skew quadrupoles, spanning 3 arcs.
It is optimized in terms of the single particle beam dynam-
ics. The coupling is zero everywhere outside of the bump,
and in addition the local coupling in the straight with the
in vacuum undulator is nearly zero. It is also optimized to
minimize the increase in beamsize for the beamlines next to
the fs-slicing facility and to minimize emittance increase.
The settings of the skew quadrupoles are corrected regu-
larly (about once a month) and measurements of disper-
sion and other lattice functions agree extremely well with
the design.

Measurement of the x-ray flux through the slits in the
user beamline confirmed that the spatial seperation scheme
works well and the signal to noise ratio is consistent with
what is expected. It is mostly dominated by the surface
roughness of the focusing beamline mirror. The measured
amplitude of separation (amplitude of energy modulation)
is slightly smaller than one would expect based on the laser
pulse energy, an effect that is also observed at all other slic-
ing facilities. However, the separation is sufficient to carry
out good user experiments (see Figure 5).
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Figure 5: Measured femtosecond x-ray flux (crosses) com-
pared with model calculations (solid) of the differential
electron density distribution for laser modulation of the
electron beam energy ranging from 3σE to 10σE with
τlaser

τe
= 10−3 and collecting the integrated flux over a

slit width of 1 σE . The measured energy modulation is be-
tween 5σE and 6σE . Note: 1σE corresponds to Δy =
27.2μm.

Emittance Control

The operation of the ALS with the femtoslicing source
requires continous and excellent control of global+local
coupling as well as the vertical dispersion. To achieve this,
orbit response matrix analysis (with LOCO) is applied at
least once a month, correcting the gradient symmetry as
well as all 27 skew quadrupoles. This ensures optimum
and reproducible injection efficiency, momentum aperture
(Touschek lifetime), spatial separation of the sliced elec-
tron bunch, emittance and beamsize stability.

Applying the loco results, all (coupled) lattice errors are
corrected. Simultaneously the local dispersion bump for
the slicing experiment is corrected and a global dispersion
wave is added increasing the vertical emittance to the nom-
inal 120 pm (without intoducing betatron coupling). The
in-vacuum insertion device with its 1.52 T peak field con-
tributes significantly to the vertical emittance (up to 60 pm)
because of the vertical dispersion used to generate the spa-
tial separation. Since users are allowed to scan the undu-
lator field to change the photon energy, one has to com-
pensate to avoid that the overall emittance changes. This
is done by adjusting the global dispersion wave in a feed-
forward scheme whenever the undulator field is changing.
The dispersion wave does not use any skew quadrupoles
between the fs modulator and radiator, therefore this feed-
forward does not affect the separation of the fs slice.

SUMMARY

All accelerator modifications for the undulator based
femtosecond slicing facility at the ALS have been fully
operational during user time for over a year and a half.
Despite the large number of challenges which had to
be resolved as part of the project, the migration into
routine user operation went very smoothly and without
any negative side effects on other users. The overall
complexity of the project in terms of beam dynamics,
coupling/dispersion control, impedances, radiation dam-
age/safety, injection efficiency and lifetime was very sub-
stantial and some of the solutions implemented (partic-
ularly lattice/coupling/dispersion control) as part of this
project are establishing a new state-of-the-art.
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