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the persistent challenge of external optical laser
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2019 The Authors. Published by the Royal Society under the terms of the
Creative Commons Attribution License http://creativecommons.org/licenses/
by/4.0/, which permits unrestricted use, provided the original author and
source are credited.

http://crossmark.crossref.org/dialog/?doi=10.1098/rsta.2018.0386&domain=pdf&date_stamp=2019-04-01
http://dx.doi.org/10.1098/rsta/377/2145
mailto:jcryan@slac.stanford.edu
http://orcid.org/0000-0002-7776-0919
http://orcid.org/0000-0003-1537-2993
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


2

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A377:20180386

................................................................

This article is part of the theme issue ‘Measurement of ultrafast electronic and structural
dynamics with X-rays’.

1. Introduction
During a chemical reaction, the motion of the atomic constituents is extremely fast, less than
one trillionth of a second (10−12 s = 1 ps). In order to capture this ultrafast motion, researchers
often employ a variant of stroboscopic imaging called ‘pump/probe spectroscopy’. In this variant,
an ultrashort light pulse, typically less than 100 fs in duration (1 fs = 10−15 s), first initiates or
‘pumps’ the photo-chemical reaction, by exciting the system to a non-equilibrium state. A second
ultrashort light pulse then probes the resulting dynamics. Instead of taking many exposures of
a single reaction, as is typical in stroboscopic imaging, experiments are repeated many times,
with a varying temporal delay between the pump and probe pulses, in order to map out the
time-dependent motions during the photo-induced reaction.

Ultrafast pump/probe techniques are now routinely used with optical pulses to follow
chemical reactions on the time scale intrinsic to dynamics of the atomic nuclei in the molecule.
This has led to the development of the field of ‘femtochemistry’ [1]. This nuclear motion, however,
is rather slow compared with far more rapid motion of the electrons, whose charge provides
the screening to stabilize molecules, and whose redistribution initiates all chemical changes,
including isomerization and dissociation. The natural timescale for electron motion in atoms
and molecules is about 100 times faster than the timescale for nuclear motion: electrons move
across a molecular bond in 0.1–1 fs [2–4]. Dynamics on this timescale is a science frontier both for
experiments and for quantum many-body theory [5–7].

Ultrafast optical spectroscopy has revolutionized our understanding of the time-domain
dynamics in atoms, molecules and solid-state systems. However, the development of ultrafast
soft X-ray pulses is an important technological advance because soft X-ray pulses interact most
strongly with core electrons, which are highly localized at the atomic centres in molecular
systems. Addressing these core electrons is highly preferable, because their binding energy and
core-to-valence absorption spectrum provide a sensitive measure of localized electron density
around various atoms in a molecule or molecular complex [8–12]. Probing the local chemical
environment with atomic-site specificity is highly advantageous for studying ultrafast charge
dynamics, because the charge variations throughout the molecule tend to be localized at different
atomic sites in the molecule [13]. With an eye towards rational chemical design, the emerging
desire to follow electronic motion in chemically active molecular systems has motivated the
strong push for soft X-ray spectroscopy on the timescale of such electron motion, e.g. from
femtoseconds to attoseconds.

The ability to produce ultrashort, high-brightness X-ray pulses with free-electron lasers (FELs)
has further revolutionized the field of ultrafast spectroscopy. From the first lasing of the Linac
Coherent Light Source (LCLS), there have been significant efforts devoted towards improving
the temporal resolution of X-ray pump/probe experiments. Starting from a time-resolution
of approximately 120 fs available for the first time-resolved experiments at LCLS [14], the
development of femtosecond bunch shaping, two-colour FELs and femtosecond time-stamping
have improved our ability to resolve time-dependent processes down to the femtosecond scale.
At the same time, ongoing experiments are aiming to extend pump/probe capabilities to the
sub-femtosecond regime.

In this paper, we review the development of femtosecond capabilities at the LCLS and present
the current effort to reach sub-femtosecond timescales. The paper is organized as follows: in §2
we discuss the temporal properties of X-ray FELs and present the experimental development of
single-pulse femtosecond pulse shaping and two-colour X-ray pump/X-ray probe capabilities at
LCLS. We also discuss the generation of single-spike attosecond hard-X-ray pulses and introduce
the ongoing work towards the generation of pulses with sub-femtosecond duration at soft X-ray
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wavelengths. In §3, we discuss the development of femtosecond timing and synchronization
techniques and present the ongoing effort to push experimental measurements below the
femtosecond barrier using optical streaking techniques.

2. X-ray pulse production

(a) Temporal properties of X-ray free-electron lasers
In an X-ray free-electron laser (XFEL), a relativistic electron bunch travels in a magnetic undulator
and undergoes a collective instability which results in the exponential growth of radiation power,
a process called FEL instability [15,16].

The central wavelength emitted by an FEL is given by the resonance condition:

λr = λw

2γ 2

(
1 + K2

2

)
, (2.1)

where λr is the radiation wavelength, λw is the undulator period, K is the undulator
parameter (typically of order 1 for X-ray lasing) and γ is the electron beam’s Lorentz factor. When
the resonance condition is satisfied, the radiation field slips ahead of the electron bunch by one
wavelength per undulator period.

The FEL gain length Lg is defined as the length over which the radiation power grows by a
factor e. The slippage length accrued in a gain length is called the cooperation length lc [17]:

lc = λr
Lg

λw
. (2.2)

In an FEL working on the principle of self-amplification of spontaneous emission (SASE),
the FEL instability is triggered by noise and the temporal radiation distribution is composed
of several spikes that are uncorrelated with respect to each other. Since the slippage process
transports phase information across the electron bunch, the coherence length of a SASE FEL is
given by the cooperation length. The shortest possible pulse that can be generated in a SASE FEL
is a single-spike pulse, which means that the cooperation length is also the lower limit for the
pulse duration of a SASE FEL [17].

In the one-dimensional FEL model, the cooperation length scales with the photon energy as

lc ∝ E−1/2
ph . (2.3)

When including thermal effects and diffraction the exact dependence of the cooperation length
is more complicated (e.g. [18,19]); however, it is true for most cases of practical interest that
the cooperation length is a decreasing function of the photon energy. This implies that shorter
pulses can be generated at hard X-rays than at soft X-rays. At the LCLS, the cooperation length
is typically around 1 fs–2 fs for soft X-ray energies and few hundreds of attoseconds for hard
X-rays [16].

(b) Femtosecond shaping of electron bunches
The pulse duration in a SASE X-ray FEL is given by the longer of the two lengths discussed
in the previous section: the cooperation length or the electron bunch length. State-of-the-art
linear accelerators used to drive XFELs can easily generate bunches with a length of few tens of
femtoseconds (e.g. [20]). To achieve a shorter pulse duration, one needs to either generate shorter
electron bunches or to shape the bunches themselves so that only a small fraction of the available
charge is used in the FEL.

Low-charge operation is a possible way to reduce the X-ray pulse duration. This can be
understood as follows: the maximum electron beam peak current that can be used in an FEL
is limited by collective effects such as coherent synchrotron radiation and the microbunching
instability [21]. Typical X-ray machines operate in the range of 1–5 kA. Since there is a maximum
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Figure 1. Schematic view (top, left side) of the emittance spoiler (a) and X-ray temporal profile (b and c) measured with a
transverse cavity for different spoiler settings (from [25]). Schematic view (bottom, left side) of the optical shaping scheme
and X-ray temporal profile (d,e) measured with a transverse cavity for different laser heater shapes, amplitude and phase (f ,g)
measured after amplification (from [28]). (Online version in colour.)

achievable or usable peak current, it follows that the electron bunch duration can be reduced by
operating the linac with lower charge per bunch. Low-charge operation has been demonstrated
as an effective tool to generate X-ray pulses with approximately 10 fs duration [22,23].

Changing the electron beam charge is a time-consuming process that can take several hours
of precious beam time. Selective spoiling of the electron bunch is a quicker and more effective
method to shorten the X-ray pulse duration. Selective spoiling consists of decreasing the electron
beam brightness in a time-dependent fashion so that only a short fraction of the electron
bunch has the required beam quality for lasing. An emittance spoiler accomplishes this effect
by scattering the particles through a thin metal foil [24,25], therefore increasing the transverse
emittance well above the lasing tolerance. To effect this, a slotted aluminium foil is placed in
the middle of a compression chicane, where the electron beam is both chirped and dispersed.
The resulting electron beam distribution has a strong correlation between time and horizontal
position, allowing for selective spoiling of the transverse emittance in the time domain.

To extend the concept of time-selective spoiling to high repetition rates the idea of optical
shaping of XFELs was developed. In this case, the longitudinal emittance is selectively increased
using a laser heater [26]. A laser heater is typically employed to control the energy spread of
the electron bunch and suppress the microbunching instability [27]. Using a temporally shaped
laser heater, one can increase the energy spread beyond the acceptable value for lasing in selected
parts of the electron bunch, therefore shaping the X-ray profile and allowing for X-ray pulses
considerably shorter than the electron bunch length. The optical shaping method naturally scales
to high repetition rates (approx. 1 MHz), since no solid target is inserted into the beam path.

Figure 1 shows a schematic of both the emittance spoiler and the optical shaper, as well as the
measured X-ray temporal profiles using both methods.

(c) Attosecond pulses
Owing to the natural scaling of the cooperation length, equation (2.3), sub-femtosecond pulses
can be generated at hard X-ray energies simply by generating a short (<1 fs) electron bunch. Two
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Figure 2. (a) Simulated longitudinal phase space (top) and current profile (bottom) of the nonlinearly compressed electron
beam. (b) Percentage of shots with a given number of SASE spikes in the nonlinearly compressed electron beam. (c) Examples
of measured single-spike spectra [30]. (Online version in colour.)

Table 1. Pulse properties for attosecond hard X-ray capabilities at 5.6 keV at the LCLS.

method pulse energy bandwidth estimated pulse duration

emittance spoiler 10µJ 10.5 eV 230 as
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

nonlinear compression 10µJ 4.5 eV 420 as
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

techniques (detailed in table 1) have been shown to generate sub-femtosecond hard X-ray pulses.
The first is the emittance spoiler described in the previous paragraph. With a simple modification
of the beam optics in the bunch compressor, one can reduce the bunch duration to the single-spike
FEL length, and therefore achieve sub-femtosecond pulses [29]. The second technique relies on
the nonlinear compression of a low charge (20 pC) electron bunch [30]. Nonlinear compression is
achieved by introducing a nonlinear chirp in the electron bunch prior to going through the bunch
compressor system, which results in a short high-current spike at the head of the electron bunch.
Both techniques result in single-spike multi-eV spectra, with an estimated pulse duration below
1 fs and a pulse energy of a few microjoules. Figure 2 shows data from the non-linear compression
experiment. The spectra are dominated by single-spike events with a bandwidth of roughly 10 eV.

In the soft X-ray range generating sub-femtosecond pulses requires an additional beam
gymnastics to overcome the limitations due to slippage. Enhanced SASE was proposed by
Zholents as a means to improve the gain length of X-ray free-electron lasers by compressing parts
of an electron bunch with an infrared laser [31,32]. Figure 2 shows a schematic of this process:
an electron bunch travels through a magnetic wiggler and interacts with a high power infrared
pulse. The interaction results in an energy modulation which is subsequently converted into a
density modulation, producing high-current spikes with a duration of 1 fs or shorter. The ESASE
compression happens in a small chicane, typically using a dispersion of a factor 100 less than
the bunch compressors in the linac. As a result, the collective effects that limit the beam quality
in compressed electron bunches are negligible and one can achieve a shorter gain length. As a
corollary, ESASE also results in a shorter cooperation length, therefore enabling the generation
of sub-femtosecond pulses at soft X-ray energies. ESASE amplification can also be cascaded over
several high-current spikes, allowing the generation of attosecond pulses with TW-scale peak
power [33–35].

An alternative scheme called chirp/taper has been proposed by Saldin [36]. In a chirp/taper
scheme, the electron beam is also modulated by a high-power infrared pulse. However, instead
of compressing the bunch, Saldin proposed the use of a taper to maintain the resonant condition
only on a short fraction of the electron bunch. To understand this method, consider an electron
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bunch with a linear energy chirp, i.e. with the following energy distribution:

γ (s) = γ0 + dγb

ds
(s − s0), (2.4)

where γ (s) is the Lorenz factor as a function of the longitudinal coordinate s, γ0 is the mean beam
Lorentz factor and s0 is the location of the centre of the bunch. As the radiation generated at
some location s1 slips ahead of the electron bunch it finds electrons of different energy, causing a
mismatch between the radiation wavelength and the local resonant wavelength. This wavelength
mismatch can be corrected, if the undulator parameter is also changing so that, as the radiation
slips ahead of the electrons, the resonance condition is maintained [36–38]:

dλr = ∂λr

∂K
dK
dz

λw + ∂λr

∂γ

dγb

ds
λr = 0. (2.5)

If the energy distribution is sinusoidal instead of linear, then the chirp/taper matching condition
can only be satisfied locally, and lasing is restricted to one or more short fractions of the
electron bunch resulting in one or more short X-ray pulses. The chirp/taper scheme does not
necessarily improve the cooperation length, however the strong frequency chirp in the X-rays can
be exploited to shorten the pulse duration using a spectral filter. Furthermore, the chirp/taper
scheme can be driven into the post-saturation superradiant regime, considerably reducing the
pulse duration with respect to the cooperation length limit [39].

While in the literature ESASE and chirp/taper were proposed as two independent methods,
in practice, one cannot implement ESASE without using a chirp/taper scheme at the same time.
This is due to the strong longitudinal space-charge forces generated by the ESASE spikes, which
result in a correlated energy spread considerably larger than the FEL bandwidth [40]. It can be
shown that the nonlinear terms in the energy distribution induced by space charge contribute to
shortening the X-ray pulse. This effect can be exploited by allowing the current spike chirp to
grow prior to the FEL instability, in a scheme called space-charge boosted ESASE.

An ESASE experiment is currently underway at the LCLS. The XLEAP project (X-ray Laser-
Enhanced Attosecond Pulse generation) aims at generating sub-fs pulses in the energy range
between 400 and 1000 eV. The experiment employs a variable-gap wiggler with a period of 32 cm
and an undulator parameter up to K = 52. The energy modulation can either be induced by a 2 µm
laser based on Ho:YLF amplifiers, or by the coherent undulator radiation emitted by the electron
bunch [41]. A magnetic chicane with a longitudinal dispersion up to R56 = 1 mm is employed to
generate high current spikes.

Figure 3 shows a schematic of the FEL scheme. To maximize the available bandwidth and
minimize the pulse duration, the longitudinal space-charge field is used to introduce a chirp on
the current spike. To this end, the FEL instability is suppressed in the undulator with a large
orbital kick. After a certain length, the beam orbit is straightened and the undulator is tapered
to match the space-charge induced chirp and generate a sub-femtosecond FEL pulse. Figure 4
shows the results of numerical simulations of the XLEAP experiment at 800 eV, which suggest
that pulses as short as 0.5 fs can be achieved with the space-charge boosted ESASE method.

We note that the longitudinal space-charge field in an undulator or a wiggler is proportional
to 1 + K2/2. In future implementations of this scheme, a more elegant and efficient way to control
the space-charge induced chirp would be the use of a dedicated wiggler magnet after the ESASE
chicane and prior to the FEL undulator.

(d) Two-colour X-ray pulses
In recent years, the use of two-colour X-ray pulses for ultrafast pump/probe experiments has been
the subject of intense investigation at LCLS and other FEL facilities worldwide. A two-colour FEL
can generate two X-ray pulses of different photon energy and with a variable delay. We recall
that the resonant wavelength in an FEL is given by equation (2.1). Here, the undulator parameter
K and the beam’s Lorentz factor γ are both tunable quantities, while period λw is typically a
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fixed parameter. With this in mind, two-colour FELs can be divided into two categories: multi-
bunch FELs, where different beam energies are used to make pulses of different colours; and
multi-undulator schemes, where undulators with different magnetic fields are used.

(i) Multi-bunch X-ray FELs

Multi-bunch FELs rely on the generation of more than one electron bunch at the injector. Figure 5
shows a schematic of a typical multi-bunch scheme. Typically multiple bunches are generated
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into multiple pulses (from [42]). (Online version in colour.)

by splitting the photocathode drive laser that generates the electron beam into more pulses, each
extracting one electron bunch from the cathode.

Multi-bunch FELs can operate in two regimes: the single-bucket and the multi-bucket regime.
In the first case, the two bunches are generated with an initial delay much smaller than the radio
frequency wavelength of the accelerator. This method is called the twin-bunch FEL [42]. For
the s-band LCLS accelerator, the accelerating period is 350 ps and the two bunches are initially
delayed by several picoseconds. As the two bunches are accelerated and compressed in the LCLS
linac, they acquire different energies according to the differing instantaneous amplitude of the
accelerating radio frequency field and their time delay is reduced to few tens of femtoseconds.
Typically, the energy separation is limited by the energy acceptance of the beam transport system
to roughly 1%. The time delay can be controlled independently of the energy separation in
the range of 0–100 fs, with an arrival time jitter of order 5 fs. In multi-bucket schemes, the
electron bunches are delayed by multiples of the accelerating period. Different bunch energies
are achievable by either injecting the bunches at different phases or by employing the finite width
of the radio frequency accelerating pulse [43,44].

Since each colour is generated by an independent electron bunch, multi-bunch schemes
can generate pulse energies comparable to the standard single-colour operation (of order 1 mJ
at LCLS). Furthermore, each colour uses the entire electron bunch, making these schemes
the favourite method for operation at high photon energies, where the saturation length is
comparable to the available undulator length.

(ii) Multi-undulator schemes

Multi-undulator schemes employ undulators with different K to generate pulses of different
photon energy. The first two-colour X-ray scheme was the split undulator [45–47], shown in
figure 6. The undulator is divided into two parts with different K and a magnetic chicane is used to
delay the electron bunch, introducing a delay between the X-ray pulses emitted in each undulator.
In this scheme, the energy separation is only limited by the tunability range of the undulators. The
SACLA team has demonstrated two-colour generation with large energy separation employing
variable gap undulators [47]. The maximum allowable time-delay depends on the strength of the
magnetic chicane and can easily reach 1 ps with a compact design.

The main drawback of this method is that the same electrons are used for generating both
colours, which means that saturation cannot be achieved on either colour, resulting in a loss of an
order of magnitude in peak power. A way to improve this scheme is to allow only a fraction of the
electron bunch to lase in each undulator, therefore allowing the FEL to reach saturation for both
colours [48]. This idea is generally termed ‘fresh-slice lasing’. This can be achieved by introducing
a time-dependent transverse kick and allowing only a slice of the electron bunch to travel on a
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electron delay

Figure 6. Typicalmulti-undulator scheme. The electron bunch travels through two undulatorswith different K , emitting X-rays
of different colours. A magnetic chicane is used to delay the electron bunch, therefore delaying the arrival time of the second
X-ray pulse. (Online version in colour.)

straight orbit in each undulator. Time-dependent kicks can be launched either by capitalizing the
transverse wake of a corrugated waveguide, or by chirping the electron bunch and introducing
transverse dispersion in the beam transport [49,50]. Alternatively, the same effect can be obtained
by employing time-dependent defocusing from a corrugated structure [51] or by seeding different
slices of the electron bunch with different seed wavelengths and amplifying them separately in
two undulators [52].

Fresh-slice schemes allow for maximum flexibility in tailoring the X-ray pulses while still
allowing the FEL to reach the full saturation power. A temporal resolution of order 10 fs and
pulse energies in the hundreds of microjoule can be achieved with fresh-slice FELs, while the
time delay can be varied continuously up to a maximum of a few picoseconds depending on the
exact design of the magnetic chicane.

3. Pump/probe timing: from femtoseconds to attoseconds

(a) The femtosecond regime
Achieving few- to sub-femtosecond X-ray pulses is only part of what is required to make ultrafast
measurements at the LCLS Free Electron Laser (FEL) facility. Synchronization between X-ray
pulses produced by the FEL and optical pump or probe pulses from an external laser system
continues to be a persistent challenge since the temporal jitter between the optical and X-ray
pulses directly limits the overall time resolution of a pump–probe measurement. In traditional
femtosecond and attosecond measurements, both the pump and the probe are derived from
the same laser source. By contrast, FELs use conventional feedback techniques to stabilize the
optical laser pulse arrival time relative to a radio frequency (RF) reference from the accelerator.
Owing primarily to thermal effects, RF noise and energy jitter in the electron bunch, the electron
bunches accumulate additional temporal jitter as they propagate along the acceleration and bunch
compression chain. In particular, the energy jitter is directly transformed into a timing jitter in the
magnetic chicane bunch compressors. The resulting total accumulated temporal jitter can be as
extreme as 120 fs RMS at the LCLS [14] or as minimal as 20 fs RMS [53] for the higher repetition
rate FELs.

(i) Spectral encoding of X-ray/optical delay

A number of techniques have been developed for measuring the X-ray/optical arrival time at
the LCLS. These techniques rely on the measurement of transient optical properties (index of
refraction) of a material exposed to X-ray pulses, and broadly fall into two categories dubbed
spatial or spectral encoding. In the case of the spatial encoding technique [54–56], a short optical
pulse is crossed with the X-ray pulses in an interaction medium and the change in the material
reflectivity or transmission is measured. The convolution of the X-ray pulse duration and the
temporal duration of the optical pulse both contribute to the measured signal width, and thus
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the overall resolution of the arrival time measurement. For these techniques, the measurement
window, which limits the temporal range of the measurement, is fixed by the spatial diameter
of beam overlap. By contrast, spectral encoding techniques imprint the change in transmission
on a highly chirped super-continuum pulse. Thus, a measure of the delay comes from the chirp-
controlled monotonic wavelength to time mapping [57]. One benefit of this spectral mapping is
the adjustable temporal range as well as the independence of spatial beam profile for either X-rays
or optical beams.

When moving to a solution for the upcoming high repetition rate FEL sources like LCLS-II, the
interaction material becomes a primary concern. X-ray fluence levels of order 50–100 mJ cm−2

at the sample are typical of 10% �R/R [55] in traditional spatial reflectivitity and spectral
transmission measurements. This is a level that is uncomfortably close to the materials damage
threshold and in fact the interaction materials, typically YAG (yttrium aluminum garnet,
Y3Al5O12) or Si3N4, already show discoloration and damage during experimental exposure at
120 Hz operation. Clearly, a much more X-ray dose tolerant material with sufficient thermal
transport is needed as we move to the high average power of the LCLS-II.

It has been recently demonstrated that an interference mode of spectral encoding (figure 7)
allows one to measure the induced refractive index change in diamond at X-ray fluence levels
that are two orders of magnitude lower than that required for the traditional measurements. Not
only does this allow for less energy deposition in the material, it also allows for the use of a
thin diamond transmission window as an interaction medium, which has a large bulk thermal
conductivity [58,59]. The interference scheme uses crossed and matched birefringent plates to
temporally shear an originally 45◦ linear polarization into two crossed polarization states (h and v)
before the interaction material. As a result, the X-ray induced refractive index changes causes a
step change in the spectral phase for wavelengths that arrive at the crystal after the X-ray pulse.
Owing to the birefringent shear, there is a region of spectrum where one polarization state is
transmitted through the material ahead of the X-ray pulse while the other polarization state
trails the X-ray pulse. Upon subsequent birefringent compensation of the original shear, nearly
all spectral regions recombine to the original 45◦ polarization. Only the portion of the spectrum
where one polarization leads and the other lags the X-ray pulse will show an elliptical result that
gives power through an analyser set to −45◦.

Pipelined high throughput of a spectral encoded timing signal could allow for individual
timing measurements to be made available for on-the-fly processing. One could thereby imagine
novel time-domain methods of analysing data such as in ref. [60] that could occur inside
the detector buffer memory before data transfer. This would potentially allow very heavy
compression of area detector signals. Under such a mode of operation, rather than stacking
images into on-board memory, the timing measurement would allow each image to be sorted
into an appropriately ordered time bin. Then at a much lower rate, when enough sorted frames
have accumulated in the buffered histogram, that histogram could be passed through the Fast
Fourier Transform (FFT) such that only the relevant Fourier coefficients need to be pushed into
the data stream. This paradigm, however, requires that the latency of the timing determination be
made comparable to the repetition rate in the system, and thus the sub-10 µs target range.

Another, simpler paradigm, is that the principle detector will again fill a histogram with one
such bin associated with optical/X-ray delay. In this scheme, one can imagine retaining a running
sum of frames that have been accumulated into each of the bins. As some bins fill faster than
others the principle detector could preferentially veto new frames associated with high statistics
bins. In this way, one could use the bias of even statistical representation in the delay bins to
intelligently veto over-represented delay configurations. As before, in this mode one would prefer
not simply a high throughput, but rather a very low latency in conversion from jitter measurement
to analysed optical/X-ray delay.

Given the desires for low latency on the microsecond scale, an integrative approach to the
measurement, sensor and analysis is highly desirable. Sensor considerations along with data
handling on the sensor chip drive us to find a low bit-depth solution to the measurement itself.
Herein lies another benefit of an interference based scheme for the arrival time measurement.
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Figure 7. (a) Schematic of the interference mode of spectral encoding. Here birefringent plates BP(h/v) are used to delay and
then re-time crossed polarization components of white light continuum (WLC) from a continuum generation cell (CGC). The
residual elliptical polarization due to the X-ray modulation of the refractive index then passes through the otherwise crossed
polarizer (POL(−45)) and is then analysed in a spectrumanalyser. Owing to the spectrum to timemapping, [57], thewavelength
that is passed through the crossed polarizer is monotonicallymapped to time. (b) Example ‘waterfall’ plot of preliminary results
of the interference mode of spectral encoding at the LCLS in 5µm thick diamond sample with 1800 eV photon energy. (Online
version in colour.)

Figure 7b shows preliminary results of the spectrally encoded readout of the modulation
signal. The ripples on the signal arise from the optical etalon effect of the 5 µm thick diamond
sample. Owing to the traditional spectrum-to-time mapping, the spectral location of the region
of incomplete extinction, here measured in pixels of the spectrometer sensor, provides the
measurement of delay. This is seen from the increasing delay between X-ray and optical pulses
shown as a ‘waterfall’ plot. The appearance of this signal against a dark background allows us
to use a low bit-depth sensor, in stark contrast with the non-interferrometric case that required
well-behaved background subtraction in order to uncover the typical few percentage of signals.
The new interference scheme is not expected to significantly improve the temporal resolution
of spectral encoding (approx. 5–10 fs RMS currently [57,61]), but rather to extend its dynamic
range to significantly weaker pulses, thus accommodating the much lower pulse energy but much
higher average power of the LCLS-II. Furthermore, the signal visible in figure 7b was derived
from 1800 eV soft X-ray photon absorption in CVD diamond, a sample that shows no measurable
signal in the traditional method. For LCLS-II, deriving a timing signal from a reasonably X-ray
transparent material with very high thermal conductivity will allow the continuous arrival time
diagnostic even in the high average power beams. An area under active development is the
extension of the spectrogram encoding method of [62]. Recent progress leveraging analysis of
streaming image data from high frame-rate sensors is likely to give promising results for such
a method of recovering the finest time resolution, even sub-femtosecond, between optical and
X-ray pulses.

(ii) X-ray pulse duration diagnostics

As the timescales become shorter for pump/probe measurements, crossing into the attosecond
regime, experiments require a more precise knowledge not only of the relative delay between the
pump and probe laser pulses, but also the temporal profiles of the X-ray laser pulses themselves.
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Figure 8. Annotated example image of an XTCAV measurement, used to diagnose the twin-bunch method of producing
two-colour XFEL beams. (Online version in colour.)

Owing to the stochastic nature of the SASE process, the temporal structure of XFEL pulses is
typically chaotic and each X-ray pulse is inherently different from adjacent shots. This necessitates
a single-shot measurement technique for determination of the temporal structure of SASE X-ray
pulses. Moreover, it is highly preferable if these measurements can be made in a non-destructive
way, so that the temporal profile of the X-ray pulse can be diagnosed at the same time as
pump/probe measurements are performed.

A somewhat indirect route to diagnosing the temporal structure of the X-ray pulse is by
measuring the FEL-induced lasing effects on the electron beam. To make such a measurement
at LCLS, an X-band radio frequency transverse deflector along with an electron beam energy
analyser (XTCAV) have been installed in the electron dump to measure the electron beam
longitudinal (time-energy) phase space [23]. The FEL lasing process induces energy losses in the
electron bunch, which are easily seen in the analyser. By mapping the energy loss as a function
of time, one can measure the temporal profile of the X-ray power. Figure 8 shows an example
of the longitudinal phase space of the electron beam recorded in the XTCAV apparatus. Though
this is an indirect measure of the X-ray pulse parameters, the imprint of the lasing process on the
spent electron bunch can be correlated with experimental results as well as machine parameters to
inform veto or sorting algorithms [63]. Nevertheless, with the megahertz repetition rate operation
of LCLS-II in mind, this method is severely limited by the read-out electronics of the camera in the
XTCAV analyser, currently working at a 120 Hz frame rate. There are a number of other limitations
to the XTCAV device. Currently, the resolution of the device installed at the LCLS is of the order
of 1 fs RMS. Furthermore, there is a fundamental limitation to the resolution of this method given
by slippage. The energy loss of the electron bunch mimics the temporal profile of the X-rays only
if one is concerned with time scales that are longer than the cooperation length (equation (2.3)) or
the slippage length after saturation (whichever is longer). X-ray emission is not an instantaneous
effect and slippage can lengthen the pulse duration with respect to the temporal structure of
the electrons. Therefore, the XTCAV could not be used for diagnosing single-spike sub-fs pulses,
even if the longitudinal phase-space of the electrons could be measured with enough temporal
resolution.

(b) Optical streaking
Another possible route to a single-shot diagnostic of the X-ray beam temporal profile is
through laser dressed photoelectron spectroscopy, or streaking, which provides a more direct
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measurement of the X-ray pulse temporal profile. Briefly, the streaking technique relies on X-ray
photoionization in the presence of a long-wavelength dressing laser field. An X-ray pulse with
sufficiently high photon energy will ionize an atomic system, releasing photoelectrons with a
kinetic energy equal to the difference between the photon energy and the ionization potential.
This ionized electron will then be accelerated by the longer-wavelength dressing laser, and its
momentum will be altered by this field. Variations in the measured momentum distribution
will reflect the magnitude and direction of the dressing laser vector potential at the time of
ionization. In this way, information about the temporal profile of the ionizing pulse will be
encoded in the momentum distribution of the emitted photoelectrons. More specifically, the
streaked electron momentum distribution contains real-time information on the time-energy
structure of the outgoing electron wavepacket (EWP), including the subsequent processes which
affect this EWP on ultrafast timescales [6].

(i) Linear streaking measurements

Initial experiments performed at FEL facilities employed a linearly polarized streaking laser
to produce modulations in the measured photoelectron energy distribution [64–69]. For more
information on the development of ultrafast pulse characterization at X-ray FEL facilities, see
the recent review paper by Helml et al. [70]. Optical streaking experiments were not originally
developed with XFEL facilities in mind. In fact, many of the techniques now implemented at
XFELs were pioneered with high harmonic generation-based, table-top attosecond laser sources.
The delay-dependent photoelectron spectrum (or spectrogram) of the photoionized electron
wavepacket recorded in a two-colour ionization set-up can be used to reconstruct both the
streaking laser temporal profile and the average X-ray pulse temporal profile, with a number
of different algorithms [71]. However, experiments at XFEL facilities suffer many hardships that
are not often encountered in table-top attosecond pulse generation. As mentioned earlier, XFEL
pulses typically lack shot-to-shot reproducibility, and the timing synchronization is on the order of
a few hundred femtoseconds. This necessitates a single-shot measurement technique, which can
determine both the X-ray pulse temporal profile and the relative optical/XFEL pulse arrival time.

(ii) Attosecond angular streaking

In contrast to the linearly polarized laser field discussed above, which has a time varying
amplitude with a constant direction, a circularly polarized laser field has nearly constant
amplitude with a time-varying direction. This interesting property has led to the development
of angular streaking (also called the ‘attoclock’ technique), which replaces the linearly polarized
streaking field with a circularly polarized one, and encodes the temporal profile of the ionized
electron wavepacket into the angular distribution of the photoelectron momenta [72–77]. The
use of a circularly polarized dressing laser fields for attosecond pulse metrology was proposed
by Zhao et al. [73], who considered the technique particularly useful for pulses produced via the
polarization gating technique [71]. A similar technique was pioneered by Eckle et al., who realized
that angular streaking can be applied in a single-pulse modality to study strong-field ionization
dynamics on the attosecond timescale [74].

To better demonstrate the power of angular streaking for attosecond pulse metrology, figure 9a
shows the calculated variation of the photoelectron momentum distribution as the delay between
an ionizing X-ray pulse and a circularly polarized streaking pulse is varied. In this example,
the X-ray pulse duration (300 as) is much shorter than the streaking laser period (approx. 4.3 fs
at 1.3 µm wavelength), and it is clear to see that the photoelectron momentum distribution is
offset in the direction of the instantaneous vector potential of the streaking laser field. As the
X-ray pulse becomes longer (figure 9b), the angular spread of the photoelectron momentum
distribution becomes larger. Eventually fringes begin to form, these patterns originating from
the quantum interferences between photoelectrons released at different times, with different
initial momenta, which are streaked by the vector potential to the same final momentum [76],
similar to what has been observed in strong-field driven electron rescattering [78]. Variations
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Figure 9. Simulated photoelectron momentum distributions resulting from two-colour ionization. This figure shows two-
dimensional slices of the three-dimensional momentum distribution in the plane perpendicular to the X-ray propagation
direction. (a) The results for a Fourier transform-limitedGaussian X-raypulsewith 300 as full-width-at-half-maximumduration.
The angular distribution of the photoelectrons is a dipole pattern, characteristic of photoionization of a 1 s atomic orbital with
linearly polarized X-ray pulses. In the left panel, the streaking field intensity is set to zero. Subsequent panels in the top row
demonstrate the effect of the streaking laser field on the projected photoelectron momentum distribution for different delays
between theX-raypulse and the streaking laser field. The arrow indicates thedirection of the instantaneous dressing laser vector
potential at the peak of the attosecond pulse. (b) The effect of the X-ray pulse duration on the slice momentum distribution
when the streaking laser field is directed along the py axis (as in the right panel of (a)). From left to right along (b), the X-ray
pulse duration is 600 as, 1.2 fs, 2.4 fs and 4.8 fs. The simulation considers 25 eV photoelectrons interacting with a 1.3µm laser
field with Up = 4 eV (where Up = |A0|2/4 is the ponderomotive potential of the streaking laser field). The photoelectron
momentum distribution intensity is normalized to 1. (Online version in colour.)

of the spectral phase of the ionizing X-ray pulse (figure 11) will also lead to variations in the
measured photoelectron momentum distribution. Such variations have been used to determine
the time-energy information of ultrashort X-ray pulses generated by the LCLS. Figure 10a shows
a schematic of the experimental set-up used in [75] to characterize the SASE operation of the
LCLS FEL in low bunch charge mode [22,23]. This experiment used an angular array of 16 time-
of-flight electron detectors to measure the two-colour photoelectron momentum distribution.
Using this technique, individual pulses were characterized with attosecond temporal resolution,
including double pulse delays (figure 10b) and pulse reconstruction with instantaneous frequency
(figure 10c). Other detection geometries have been considered, for instance, the original ‘attoclock’
work by the Keller group used a coincidence detection geometry [74], while Li et al. have
demonstrated a velocity map imaging spectrometer that could be used to image the photoelectron
momentum distribution [79].

For X-ray pulses with simple temporal structure, for example a Gaussian temporal profile
with only linear chirp, the X-ray pulse profile can be directly inferred from the measured
momentum distribution, as suggested in [77]. As the temporal structure of the incident X-ray
pulse increases in complexity, the patterns become much more difficult to interpret directly.
Consider the simulation shown in figure 11, which shows photoelectron spectrum of a heavily
chirped X-ray and a double pulse. In this case, a reconstruction algorithm must be employed.
The method used in [75] is based on the forward transformation of a set of basis waveforms.
This method supposes that the original X-ray pulse, EX(t), can be decomposed into a set of basis
functions, αn(t), each with a complex coefficient, cn:

EX(t) =
∑

n
cnαn(t). (3.1)
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Figure 10. Figure adapted from ref. [75]. (a) Schematic of attosecond angular streaking at LCLS. (b) Double attosecond X-ray
pulses sorted by delay. (c) Two representative pulse retrieval results, including X-ray spectrum and instantaneous frequency.
(Online version in colour.)
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Figure 11. Photoelectron momentum distributions for more complicated X-ray pulse structures. (a) Simulation of a 300 as
FWHM X-ray pulse chirped to 1.2 fs FWHM duration with the same streaking laser field as in figure 9. (b) Simulation of the
streaked photoelectron momentum distribution from two 600 as FWHM X-ray pulses separated by a quarter of the streaking
laser period. As in figure 9, the photoelectron momentum distribution intensity is normalized to 1. (Online version in colour.)

Each basis function can be forward transformed (or streaked) to give a photoelectron momentum
amplitude contribution, fn(p). The linearity of the streaking interaction with respect to the X-ray
field implies that the experimental photoelectron momentum amplitude, b(p), is then a linear
combination of the streaked basis functions [80,81]

b(p) =
∑

n
cnfn

(
p
)

, (3.2)
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where cn is the same coefficient as in equation (3.1). The recorded photoelectron momentum
distribution is then given by the square of this amplitude:

B(p) = ∣∣b (p)∣∣2 =
∣∣∣∣∣
∑

n
cnfn

(
p
)∣∣∣∣∣

2

=
∑

n

∑
m

c∗
ncmFnm(p), (3.3)

where Fn,m = f ∗
n fm. Using this ansatz, the problem of reconstructing the incident X-ray pulse

reduces to finding the proper coefficients, cn, to minimize the difference between the retrieved
and measured photoelectron momentum distribution. Owing to sub-optimal resolution in both
the energy and angular data in the initial demonstration experiment, the original algorithm
used by Hartmann et al. ignored many of the interference channels that can occur, and used an
approximate expression,

B(p) ∼
∑

n

|cn|2 Fnn(p). (3.4)

The above equation then defines a linear system of equations, which can be solved with a variety
of methods to determine the basis set coefficients, cn, and thus reconstruct the incident X-ray pulse
via equation (3.1).

Whether solving equation (3.3) or (3.4), the choice of basis functions, αn(t), is flexible.
However, a fitting algorithm will perform most reliably for a basis set where the basis set
expansion (equation (3.1)) exhibits the most sparsity, i.e. the X-ray pulse can be represented with
very few basis functions. In a subsequent work [81], it was suggested that the ideal basis for
representing the wavepackets created by short-pulse ionization is the von-Neumann basis [82].
Using the von-Neumann basis, it is possible to solve equation (3.3). The use of increasingly sparse
representation bases will ultimately allow for lean predictive inference engines that one hopes
will bypass iterative reconstruction algorithms, using a machine learning methodology, in order
to also provide X-ray pulse reconstruction for on-the-fly veto and sort decisions.

(c) Site-specific window on photoionization and electron correlation dynamics
Beyond X-ray pulse characterization, angular streaking (and streaking experiments in general)
can be used to probe photoionization dynamics on the attosecond timescale [4,6]. In one of the first
experiments of attosecond physics, linear streaking was used to time-resolve the Auger process in
krypton atoms [83]. The streaking method was also applied to study Auger cascades and resonant
Auger decay in Kr [84,85]. Similar to the problem of X-ray pulse reconstruction, a circularly
polarized streaking field is highly advantageous for time-resolving the Auger process. We
demonstrate this utility in figure 12, which shows the calculated electron momentum distribution
for an Auger electron with an initial kinetic energy of 1 a.u. (atomic unit), streaked by a 2.4 µm
laser field. The lifetime of the intermediate core-excited state is varied between 1 fs, in figure 12a,
and 4 fs in panel (b). In both panels, the excitation pulse is much shorter than the Auger lifetime,
but the 4 fs Auger lifetime is approaching the dressing laser period (TL = 8 fs). The simulations
in figure 12 are performed in the strong-field approximation (SFA) using the same prescription
as in the original work by Drescher et al. [83]. Recently, Kazansky et al. used a similar model
to investigate the dependence of the measured electron momentum distribution on various
parameters used in an experiment (the duration of the XUV pulse, the Auger decay time-of-life
and the period of the dressing field) [86].

The streaked Auger electron momentum distributions are much more complex than what is
observed in the case of an isolated attosecond pulse, and very strong interference patterns begin
to emerge, even for short Auger lifetimes, as shown in figure 12a. Similar to the photoelectron
streaking examples above, these features arise from interfering pathways, where electrons emitted
with different momenta at different times end up with the same final momentum after interacting
with the streaking laser field. The fringes are spaced by roughly the streaking laser photon
energy [86], and so in order to emphasize these features the field-free energy of the Auger electron
was set quite low, approximately 1 a.u. As the Auger lifetime approaches the dressing laser
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Figure 12. Simulated Auger electron momentum distribution resulting from core-level ionization with a 300 as X-ray pulse
in the presence of a 2.4µm (TL = 8 fs), circularly polarized streaking field. The simulation is done in the strong-field
approximationwith a streaking fieldwithUp = 2.5 eV, and assumes an isotropic distribution of Auger electron emission. (a) An
Auger lifetime of 1 fs, so that, τX < τA < TL. In (b), the Auger lifetime is 4 fs and comparable to the streaking laser period, i.e.
τX < τA ∼ TL. As in figure 9, the Auger electronmomentumdistribution intensity is normalized to 1. (Online version in colour.)

period, side-bands begin to form and the photoelectron momentum distribution becomes much
more isotropic.

In order to retrieve temporal information on the Auger process, which is encoded in the
two-colour photoelectron spectrum, it should be possible to apply the algorithm described in
the previous section to reconstruct the Auger electron wavefunction with minimal modification.
This type of experimental set-up would then add another dimension to time-resolved Auger
spectroscopy [87], so that instead of simply studying the variation of Auger electron spectra as
a function of a pump/probe delay, one could also study changes to the temporal profile of the
Auger decay.

4. Conclusion
This work describes the most recent developments in the production and characterization of
ultrashort X-ray pulses at the Linac Coherent Light Source. On the accelerator side most of the
work has involved the temporal shaping of the lasing medium, i.e. the electron bunch. Control
of the pulse duration down to the cooperation length limit has been achieved using emittance
spoiling techniques. More flexible methods were demonstrated to simultaneously control the
spectral and temporal properties with two-colour FELs, allowing X-ray pump/X-ray probe
experiments with a resolution of order 10 fs. An effort to push beyond the cooperation length
limit and enable attosecond pulses at soft X-ray energies is currently ongoing within the XLEAP
project.

On the diagnostics side, we presented a few routes to high repetition rate determination
of the temporal characteristics of the source. By tailoring our delay diagnostic of interference
spectral encoding to low bit-depth measurements in high thermal conducting diamond samples,
we enable autonomous decision-making for active sorting and intelligent veto of experimental
results even before those results are ultimately transferred to permanent data storage. The same
is true of the attosecond resolving X-ray pulse time-energy distributions; the full information
about a given FEL pulse could thus be made available to automatic experimental control and
guidance systems. Pushing the limits of temporal resolution and signal enhancement is sure to
become increasingly important as we move to attosecond duration pulses at megahertz repetition
rates. These new tools will enable the direct probing of electronic motions in molecular systems
on their natural timescale.
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