
Towards Attosecond Science 
at LCLS and LCLS-II

Agostino Marinelli 
SLAC National Accelerator Laboratory 
IPAC18 - Vancouver, Canada



2

Outline

Introduction: ultrafast time-scales and attosecond dynamics 
in molecules 

Single-spike SASE FELs 

The XLEAP experiment at SLAC: 
-IR laser modulation 
-self-modulation 

Conclusions

XLEAP Team: 
SLAC 
AD:  A. Marinelli (project lead), J. Duris, J. 
MacArthur, S. Li, J. Welch, E. Kraft, 
 M. Carrasco, A. Cedillos, K. Luchini, J. Amann, 
P. Krejcik, A. Fisher, A. A. Lutman, D. Bohler, M. 
Guetg, T. Maxwell, P. Baxevanis, Z. Huang 
LCLS: M. Glownia, A. Fry, S. Vetter, P. Hering, 
D. Ray, T. Osipov, R. Coffee, A. Miahanari, B. 
Smith, J. Hastings 
PULSE: J. Cryan, P. Bucksbaum 

ANL 
A. Zholents, J. Xu 



3
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Ultrafast Timescales
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Attosecond Dynamics

Uncertainty principle 

!!

ΔEFWHM =1.9eV / ΔTFWHM( fs)
Ry ≈13eV

Important numbers:
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Pulse Duration Limit in an FEL

 • FEL bandwidth: 

• Lower limit on pulse 
duration given by 
slippage in a gain-length: 
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Temporal Structure of SASE FELs
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FIG. 1. Results of the numerical model: temporal structure
of the radiated pulse, [A[ vs zq, at the first saturation, for
three values of the electron bunch length, at z = 148~ and for
([be[ ) = 10:(a) Eb = 5E„(b) Eb = 208„and (c) lb = 508, .
The temporal scale is in units of zq = (z —vIIt)/E, .

out of the leading edge, (3). An asymptotic evaluation
of El. leads to the following approximated expression:

,s~slv»l"'
12 v 3N„( /2) /

where y = ~Ebz We n. ote that El, does not experience
an exponential growth with respect to S and that the
growth rate depends on the bunch length as ~Eh
In the short bunch limit it is possible to demonstrate

[8] that, at saturation, P~, = pPb, ~ grab/8, oc n,
This can be shown analytically from the superradiant
self-similar solution, described in Ref. [8], and by the
following intuitive argument: The average power can be
approximated by the product of the peak power, [A] oc

(Eb/l, ), and the width, Azq oc (E,/Ib) /, divided by the
scaled bunch length Eb/E„so that Er, —QEb/E, . From
(8), imposing that EL, = P, ,/pPb„/Eb/E, we can
see that the saturation length scales as z, gE,/Ib
In the long bunch case, after the usual steady-state sat-

uration (Ei, 1), Er, continues to increase (see Fig. 2),
due to the growth of the superradiant spikes emitted by
the electron bunch, up to a second saturation value. This
second saturation value scales, as in the short bunch case,
as n, , since the peak intensity of the spikes is propor-3/2

tional to n, and their time duration is proportional to
1/~n, [8].
We have used the 1D time dependent numerical model

previously employed for the study of superradiance in
the free-electron laser (see Ref. [10]), where the proper
slippage between the electron bunch and the radiation
pulse is taken into account. The electron beam is "sam-
pled" at each radiation wavelength, where the shot noise
in the electron phases is generated through a simple al-
gorithm. The simulation electrons are first spaced uni-
formly along the radiation wavelength; then their posi-
tion is perturbed by a small random amount, distributed
with a Gaussian probability of width 6 [11,12]. The pa-
rameter 6 is determined by the requirement on the initial
average bunching along the electron beam, ([be[ ). Im-
posing that ([be[ ) = 1/N~, the parameter 6 turns out
to be 6 = gn/Ng, where n is the number of simulation
electrons in each radiation wavelength.
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FIG. 2. Long bunch case, Eg = 100k, . Average emitted
power as a function of the dimensionless distance along the
wiggler, z = z/Eg, showing the first and second saturation
values.
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FIG. 3. Spectrum of the radiated pulses, for the same cases
of Fig. 1; here 2 = A~/2p~.

We consider the long pulse limit. In the time domain,
the noisy pattern of the electron bunching along the beam
leads to a superradiant spiking in the radiation pulse.
The initial irregular spiking, seeded by nonuniformities
on the scale of a radiation wavelength, cleans up and
tends to a more regular pattern, with the occurrence of
one spike every 2' cooperation lengths. Hence, due to
this "intrinsic distance" of the superradiant spikes, no
more than one spike can develop every 2vrf„as shown in
Fig. 1 for three different pulse lengths. The position of
the spikes, however, is random and depends strongly on
the initial noise pattern bo(zq). Each spike exhibits the
superradiant scaling of intensity as the square density of
the electron beam, as has been numerically tested. If the
pulse is shorter than or of the order of 27rE„only one
"clean" spike occurs, as can be seen in Figs. 1 and 3.
For small undulator lengths we have found that the

spectral bandwidth shrinks as 1/N, in agreement with
the undulator radiation spectrum width [13]. In the high-
gain region the envelope reaches the well known band-
width [3,5] Ak/k, = 2p, i.e., Ak = 2k, p = 1/f.„as
one expects from the Fourier transform of the temporal
structure described above. If Eg & 2vrE„ the spectrum is
composed by a single line, as shown in Fig. 3(a).
Only the smooth envelope has been the object of most

of the previous theories (see Refs. [3,5]), even if a prelim-
inary work on the frequency spiking for infinite electron
bunches can be found in Ref. [14). In order to model
correctly this spiking behavior, it is necessary to take

FEL pulse starting from noise composed of many uncorrelated spikes


Spike duration ~  


Single-spike limit is shortest pulse achievable with SASE FELs.

lc = λr
Lg
λw



Single Spike Operation at 6keV

The SASE spectra generated in the LCLS undulator were
measured by means of a bent crystal spectrometer.14 The
average photon energy was 5.5 keV. Figure 2 shows single-
shot and average spectra for different slot widths, as well as
histograms of the number of shots as a function of the number
of spectral SASE spikes. For the unspoiled electron beam, the
number of spikes peaks around 5. Selectively spoiling the
electron beam results in shorter pulses and lower number of
spikes. For a slot width of 220 lm, roughly 45% or the shots
exhibit single-spike spectra. The number of single-spike shots
is optimized for a slot width of Dx¼ 130 lm, with 65% of the
shots being single spike. The average pulse energy in the
single-spike configuration is Epulse "5 lJ with peaks up to
30 lJ and 30% of the shots being above 10 lJ. The intensity
fluctuation level is rE/Epulse¼ 76%.

Figure 3 shows 10 consecutive spectra in the optimized
single-spike configuration [corresponding to the parameters
in Figs. 2(c) and 2(f)]. The average full-width at half-
maximum (FWHM) bandwidth of the single-shot spectra is
DE¼ 4.5 eV. The pulse duration could not be directly mea-
sured with our experimental setup, but it can be estimated
with a simple argument based on the electron beam chirp.
The short current spike generated by the emittance spoiler

has a small energy-chirp due to the longitudinal space-charge
field (see, e.g., Ref. 15). The energy chirp can be compensated
by tapering the undulator16 and ensuring that the resonant fre-
quency matches the radiation frequency as it propagates
across the beam

dK

K0dz
¼ 2K2

1þ K2

dc
c0df

; (3)

where K0 and c0 are the average undulator parameter and
beam Lorentz factor, respectively, z is the position along the
undulator, and f is the position along the electron bunch.
Under these conditions, the chirp in the radiation pulse
matches the chirp in the electron bunch consistently with the
FEL resonant condition

dx
dfx0

¼ 2
dc

dfc0

: (4)

The performance was optimized for a taper value of
dK=K0dz ¼ 1:75$ 10%5 m%1. The LCLS gain-length for the
beam parameters considered here is roughly 4 m, which
means that the variation of the K parameter over a gain-length
is roughly 10%4, with a corresponding relative variation of the

FIG. 1. Conceptual illustration of the
scheme: the electron beam is acceler-
ated and compressed in the LCLS
linac. In the second chicane, a slotted
metal foil spoils all but a short tempo-
ral spike of the electron beam. The bot-
tom right plot shows the vertical and
horizontal beta function in the second
chicane.

FIG. 2. Top: fraction of shots as a
function of the number of spikes for
the unspoiled beam (a) and for a beam
spoiled by a slotted spoil with a slot
width of 220 lm (b) and 130 lm (c).
The bottom plots show average and
single-shot spectra for the same experi-
mental conditions.
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4.5 eV Bandwidth FWHM 
DT ~ 400 as (estimated) 
Pulse Energy ~ 10 uJ

A. Marinelli et al. Appl. Phys. Lett. 111, 151101 (2017)



Single Spike Operation at 6keV

electron bunch has a time-energy chirp. During the passage
through the chicane, the high-energy tail travels a shorter
path to catch up with the low-energy head so that the bunch
is compressed in time. In regular FEL operation, the time-
energy chirp before the compressor is expected to be
linear in order to generate a uniform final current profile.
This is realized by the fourth-harmonic rf structure L1X
through decelerating the electron beam, which cancels the
S-band rf-curvature induced nonlinear correlation [40].
Accordingly, we call the harmonic structure a phase space
“linearizer” in regular FEL operation.
In the nonlinear compression scheme, as studied here, we

intentionally reduce the amplitude of the fourth-harmonic rf
structureL1Xso that the electronbunch has a nonlinear time-
energy chirp. During BC2 compression, we set the middle
part of the bunch to get fully compressed while the head and
tail are compressed differently. As a result, a “banana”-
shaped electron distribution in the longitudinal phase space
is formed after BC2, and the resultant current profile has a
high-current leading peak together with a low-current tail
[see Fig. 1(a)]. This distribution is similar to that achieved in
the early operation stage of FLASH before adding a
linearizer [41], but here we can control the curvature of
the nonlinear longitudinal phase space to get a stable, high-
current spike by optimizing the L1X parameters.
The longitudinal space charge (LSC) force downstream

BC2 becomes an important factor in the system, which
pushes the electrons near the horn head (tail) to higher
(lower) energy. The strength of the LSC fields depends on
the derivative of the electron beam current. As a result, the
strong LSC force in the horn region forms a time-energy
chirp with higher energy on the front, as seen in Figs. 1(b)
and 1(c). Fortunately, this time-energy chirp can be
leveraged by reversely tapering the undulator field strength,
i.e., increasing the field strength along the undulator
[19,42]. As the radiation slips forward with respect to

the bunch, it interacts with higher-energy electrons at
stronger undulator fields, and the FEL resonance condition
is preserved. Since the chirp in the core is distinguished
from other parts, the taper we choose according to the core
part not only maintains lasing on the current horn, but also
suppresses lasing elsewhere, which further shortens the
x-ray pulse duration [39]. As shown in Figs. 1(d) and 1(e),
simulations predict the production of single-spike x-ray
pulses with a full width at half maximum (FWHM)
duration around 200 as and a 10 eV FWHM bandwidth.
In the nonlinear compression experiment at the LCLS,

we chose the bunch charge to be 20 pC, which is the lowest
charge established for short pulse (< 10 fs) operation [43]
at the LCLS determined by the diagnostics sensitivity.
Starting from a regular operating mode with linear com-
pression (L1X voltage set at 19–20 MV, phase at −160°),
we only need some minor adjustments of the linac rf
parameters to realize nonlinear compression. The rf ampli-
tude of L1X was reduced first, together with L1S adjust-
ment for maintaining the energy and current after BC1 at
the same values as in the linear compression setup. Then we
scanned the L2 phase (the L2 amplitude is adjusted
accordingly to keep a constant energy gain in L2) to find
the minimum bunch length using the BC2 bunch length
monitor (BLM) [44]. According to the measured electron
profile and FEL spectra, the L1X amplitude and phase are
further optimized. A list of the main LCLS parameters for
nonlinear compression configuration is shown in Table I.
Longitudinal diagnosis of the electron beam is a critical

part for carrying out this experiment. We have three
longitudinal diagnostic systems available at the LCLS: a
relative BLM after BC2 [45], an X-band rf transverse
deflector (XTCAV) downstream of the undulator [46], and
a middle-infrared (MIR) prism spectrometer before the
undulator [47]. The BLM is based on coherent edge
radiation from the last bend magnet of the compressor
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FIG. 1. A sketch of nonlinear bunch compression at the LCLS. At the top is a layout of the LCLS, with main linac S-band sections
(L1S, L2, L3), one X-band linac section (L1X), two bunch compressor chicanes (BC1 and BC2), a dog-leg beam line (DL2), and an
undulator. The bottom plots show simulated longitudinal phase space and current profile after BC2 (a), L3 exit (b), and undulator
entrance (c), and FEL simulation results, including power profile (d), spectrum (e) and Wigner transformation of the FEL field (f). The
FEL photon energy in this simulation is 5.6 keV. Bunch head is to the left.
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Figure 3 shows the FEL spectrum evolution while
switching the LCLS from the regular linear compression
mode to the nonlinear compression mode at the photon
energy of 9 keV. The electron beam energy is 14 GeV. Each
histogram in Fig. 3 (left column) was computed based on
2000 consecutive shots. We see that in the regular linear
compression mode (without reverse tapering), most of the
shots have 5–7 spikes. By reducing the L1X voltage to
15MV (with adding a reverse taper of5.5× 10−5m−1 from
undulator U17 to U32), the number of spikes in each shot is
reduced, with more than half of the shots presenting 2–3
spikes. Lowering L1X to 12 MV, we achieved most of the
shots with single or double spikes as shown in the figure.
The average pulse energy of the single-spike shots is about
7!4μJ. If we further reduce L1X to 10MV, the histogram
of the spike number is similar to the case at 12 MV, but the
average pulse energy is reduced to 4!3μJ. This means
that further reducing the L1X amplitude would preserve a
current spike but with lower current value, which degrades
the FEL performance. For this 9-keV photon beam, we
concluded that L1X at 12 MV is an optimal condition. We
kept a constant reverse tapering for all the reduced L1X
amplitudes of 10–15 MV. The FEL performance was not
sensitive to the tapering variation within a range of !10%,
probably because a rather long undulator was used in the

experiments. The right column of Fig. 3 shows one typical
spectrum recorded at each setting. As we can see, the
number of spikes is reduced and the spike width is
increased while lowering the L1X voltage. Based on the
statistical theory, the pulses should have a similar number
of spikes in time domain.
More measurements were performed at the x-ray photon

energy of 5.6 keV, with electron beam energy at 11.5 GeV.
After optimization, we chose the L1X at 13 MV which
produces the highest ratio of single-spike pulses. A reverse
tapering of5.0 × 10−5m−1 was applied from undulator U7
to U32. In Fig. 4, we plot the histogram of the number of
spikes calculated on a data set with 8400 consecutively
recorded spectra. About 50% of the shots have a single
spike. After sorting the shots according to the number of
spikes, the average energy for the single-spike shots was
about 10 μJ with 70% fluctuation. We also show ten
continuous single-spike spectral examples choosing from
the sorted single-spike group. The FWHM bandwidth of
these measured single-spike spectra, obtained through
Gaussian fitting, was 11.3!4.2eV. Such a bandwidth
yields a duration of 162! 60 as FWHM assuming that the
pulses have Fourier-transform-limited Gaussian distribu-
tion. However, as the FEL was generated by time-energy
chirped electrons herein, the radiation presents a frequency
chirp leading to an underestimate of the pulse length.
To estimate the FEL pulse duration, we used a simple

model assuming a linearly chirped Gaussian pulse [54].
With this model, the FWHM pulse duration, τp, can be
calculated using

τp ¼ 2
ffiffiffi
2

p
ln2=πffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Δf2p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δf4p − ð4ln2αf0=πÞ2

qr ; ð1Þ

where Δfp is the spectral FWHM in Hz, f0 is the central
frequency in Hz, α is the frequency chirp parameter defined
as the relative change of instantaneous frequency over time
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FIG. 4. (left) Histogram of the number of spectral spikes based
on 8400 shots. (right) Ten recorded shots of the sorted single-
spike x-ray spectra (at 5.6 keV). Electron beam energy was
11.5 GeV, bunch charge was 20 pC. L1X amplitude was 13 MV.

1 2 3 4 5 6 7 8 9
0

10

20

30

40

50

Number of spikes

R
at

io
 o

f t
he

 s
ho

ts
 (

%
)

−30 −20 −10 0 10 20 30

0.2

0.4

0.6

0.8

1

∆E (eV)

sp
ec

tr
al

 in
te

ns
ity

 (
ar

b.
 u

ni
ts

)

1 2 3 4 5 6 7 8 9
0

10

20

30

40

50

Number of spikes

R
at

io
 o

f t
he

 s
ho

ts
 (

%
)

−30 −20 −10 0 10 20 30

0.2

0.4

0.6

0.8

1

∆E (eV)

sp
ec

tr
al

 in
te

ns
ity

 (
ar

b.
 u

ni
ts

)

1 2 3 4 5 6 7 8 9
0

10

20

30

40

50

Number of spikes

R
at

io
 o

f t
he

 s
ho

ts
 (

%
)

−30 −20 −10 0 10 20 30

0.2

0.4

0.6

0.8

1

∆E (eV)

sp
ec

tr
al

 in
te

ns
ity

 (
ar

b.
 u

ni
ts

)

FIG. 3. Histogram of the number of spikes (left) and mea-
sured spectral example (right) at 9 keV versus the L1X voltage:
(top) 19 MV; (middle) 15 MV and (bottom) 12 MV. Each
setting used 2000 shots. Electron beam energy was 14 GeV,
bunch charge was 20 pC.
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7 eV Bandwidth (FWHM) 
DT ~ 250 as (estimated)  
Pulse Energy ~ 10 uJ

S. Huang et al. Phys. Rev. Lett. 119, 154801 (2017)
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XLEAP: X-Ray Laser-Enhanced Attosecond Pulse 
Generation

Ultrashort SpikeIR Pulse
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IR pulse compression -> High current, beam quality preserved 
Short cooperation length

Original concept:

A. Zholents PRSTAB (2005) 
E. Saldin PRSTAB (2006)
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Bandwidth Broadening

35 MeV

!!
Ez ∝ I '

K2

γ 2

Linear chirp compensated by taper: 
chirped X-rays broad bandwidth. 
(Z. Huang et al.) 

Third order chirp contributes to pulse 
shortening… 
(P. Baxevanis, Z. Huang and A. 
Marinelli, in preparation)
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Laser Modulation

E-Beam

Laser Pulse

Ho:YLF laser 
Wavelength = 2 um 
~20 mJ in 3 ps 

Multi-cycle 
modulation. 
Several high-current 
spikes 
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Broad, 560 eV Spectra From Laser Modulation

Core Lasing

15

• Spectra show wide 2-4 eV shape. Up to 50 uJ per 
pulse (50 uJ / 1 fs = 50 GW) 

• Periodic modulation at ~ 0.6 eV indicates 2 adjacent 
pulses are interfering 
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Self-Modulation

E-Beam

Tail spike 

Coherent Undulator Radiation

Z

Lspike << λrad
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Self-Modulation

E-Beam

   -> Quasi single-cycle modulation

Coherent Undulator Radiation

Coherent Undulator Radiation

Z

LRAYLEIG << λWIGGLER

Wiggler OUT 
Chicane OFF

Wiggler IN 
Chicane OFF

Wiggler IN 
Chicane ON
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Self-Modulation

Emission from current horn: CEP stable modulation! 

Diffraction dominated emission: Quasi single-cycle modulation! 

Easily scalable to LCLS-II rep rate. 

Naturally aligned and timed to e-beam! 

MOST IMPORTANT RESULT FROM THIS PROJECT!
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650 eV  Spectra

Lasing 
suppressed. 
Space-
charge ON

25 uJ Average Pulse Energy 
5.5 eV Average BW 

Bandwidth, pulse energy and saturation 
length constistent with start-to-end 
simulations giving 0.5 fs duration
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Comparison With Single-Spike SASE

SASE @ 6 keV

XLEAP @ 600 eV

• ~ 6 times broader than 
single-spike SASE at similar 
energy

• Broader than SASE 
bandwidth at HXR!
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900 eV Spectra
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Results vs Photon Energy

Bandwidth Pulse 
Energy 

650 eV 5.5 eV 25 uJ

820 eV 4.3 eV 20 uJ

900 eV 5.5 eV 25 uJ

1050 eV 6 eV 25 uJ



N. Hartmann et al. Nature Photonics 12,   
pages 215–220 (2018) 

S. Li et al. Optics Express Vol. 26, 
 Issue 4, pp. 4531-4547 (2018)
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Angular Streaking Experiment

X-
rays

Circularly 
polarized 
IR

Gas jet

Photoelectrons

https://www.osapublishing.org/oe/issue.cfm?volume=26&issue=4


24

Two-Color Attosecond Pulses

Pump/Probe with sub-fs stability

ΔT= ΔTCHICANE+ NλRES+ Slippage

A. Lutman et al. Nature 
Photonics vol.10, 745–750 (2016) 

electron bunch from the end of the linear accelerator to the undual-
tor line, where photon pulses of several gigawatts are produced at
energies between 280 eV and 12.9 keV.

A dechirper system has been designed30 and installed at the LCLS
in this transport section to control the time–energy distribution of
the electron bunch with the energy losses induced by the time-
correlated longitudinal wakefield, as demonstrated in other exper-
iments31–34. The system consists of a pair of 2 m-long modules,
one vertical and one horizontal. Each module is a corrugated alu-
minium structure that is capable of generating strong short-range
wakefields. Control of the electron bunch phase-space and average
transverse kick were experimentally demonstrated35, validating an
analytical model36,37.

A fresh-slice FEL relies on a monotonic time-correlated trans-
verse trajectory of an electron bunch. When an electron bunch
travels off-axis in a dechirper it experiences a time-correlated trans-
verse kick toward the closest metal jaw (see Fig. 1). The exact
strength of the transverse kick as function of time depends on
both the detailed current distribution and the trajectory of the elec-
tron bunch with respect to the metal jaws. For a single short bunch
the kick strength is approximately parabolic38.

Each electron bunch temporal slice follows a different trajectory
in the strong focusing lattice downstream of the dechirper. Slices on
the bunch head, which experience a negligible kick, travel on the
same trajectory as when the bunch travels on the dechirper axis.
Slices toward the bunch tail travel along trajectories with increasing
betatron oscillations.

In an undulator section only slices travelling on a straight trajectory
can effectively produce FEL light39. Thus by controlling the average
electron bunch trajectory one can select which temporal slice of the
electron bunch lases. This scheme can be used to control the photon
pulse duration by increasing the transverse dechirper offset, or by
exploiting the parabolic shape of the kick by steering the electron
bunch toward a trajectory that is suitable to lase on the bunch tail.
Controlling the pulse duration with the electron bunch orbit is a
viable alternative to the slotted foil40,41 when high repetition rates
may not allow a solid target to be struck with the electron bunch.
Orbit-controlled pulse duration is also a useful alternative to laser
heater shaping42, which is not limited by beam rate, but relies on
manipulation of the electron bunch in an early stage of the machine.
Slices travelling on large betatron orbits do not lase and thus remain
fresh, retaining the lasing capability in a downstreamundulator section.

Fresh-slice multicolour beams
Multicolour fresh-slice pulses can be produced at the LCLS by taking
advantage of several features of the undulator line. Three undulator
sections are separated by magnetic chicanes. The sections are 8, 6
and 17 undulator segments long. The last undulator segment of the
third section is the variable polarization Delta undulator25. The

other segments are permanent magnet undulators with a magnetic
length of 3.3 m and a period of 3 cm that are capable of producing
horizontally polarized light. A canted pole design allows for K to
be adjusted between 3.44 and 3.51, and is routinely used for post-
saturation taper and two-colour pulse generation18,43. Magnetic
chicanes, introduced to enable soft X-ray44 and hard X-ray23,45 self-
seeding, can be used to delay the electron bunch with respect to
the generated photon beams. The first magnetic chicane can delay
the electrons by up to 900 fs for energies up to 1.2 keV. The
second magnetic chicane can delay the electrons by up to 50 fs.
Each undulator segment can be repointed horizontally and vertically.
Quadrupoles and dipole correctors located between each undulator
segment allow for electron bunch focusing and trajectory control.
Cavity beam position monitors located between each segment
measure the transverse beam trajectory on a single-shot basis.

The schematic layout of a fresh-slice two-pulse FEL is shown in
Fig. 1. The electron bunch orbit is steered to have a tail slice that
travels on the undulator axis before entering the undulator
section. The head travels on an orbit with large betatron oscillations.
In the first undulator section, tuned to K1, the tail lases at photon
energy E1. Lasing can reach saturation and a suitable post-saturation
taper can be applied to reach a power of tens of gigawatts. Dipole
correctors located after the first section are used to steer the electron
bunch to the head lasing orbit. The second undulator section is
tuned to K2, for lasing at a photon energy E2. The tail does not
lase in the second section because of an oscillatory orbit and the
large spread in the slice energy that is incurred in the first section.
Only the head slice lases in the second section, generating a
second fully saturated pulse at E2.

The pulse generated on the bunch head precedes the pulse gen-
erated on the tail when the magnetic chicane is turned off. For
typical LCLS operation, as in the conditions described in the two-
colour tail lasing first section of Table 1, this arrival time advance
is 10–25 fs. The magnetic chicane delays the electron bunch with
respect to the photon pulse that is generated in the first section,
thus delaying the photon pulse that is generated in the second
section with respect to the first. The additional delay can be con-
trolled with subfemtosecond resolution and allows smooth scanning
through the temporal overlap between the two pulses. This feature
overcomes the minimum intrinsic delay limitation that is present
in existing split undualtor schemes18,19,25.

The scheme in Fig. 1 can be extended to multiple pulses by the
addition of chicanes and undulator sections. At the LCLS three
pulses with delay control may be generated using existing chicanes.

Both dechirper modules can be offset, providing a time-correlated
orbit in the horizontal and vertical directions. Such an orbit can
yield a better FEL suppression and shorter photon pulses, but the hori-
zontal wake component hinders X-band transverse cavity analysis46,
as the transverse cavity streaks the electron bunch horizontally to

Electron
bunch

Orbit
corrector

First undulator section Second undulator sectionMagnetic
chicane

Pump and probe
photon pulses

Dechirper

Dechirper axis

Orbit
corrector

To electron-beam
dump

Dump
corrector

Figure 1 | Fresh-slice multipulse scheme. The electron bunch travels off-axis in the dechirper experiencing a strong transverse head–tail kick, represented by
the yellow arrows. Electron bunch slices and trajectories are represented in blue for the head and red for the tail. Before the undulator line, the electron bunch
orbit is steered to have the bunch tail travelling straight. A saturated FEL pulse at energy E1 (orange oval) is generated on the bunch tail in the first undulator
section tuned to K1. The bunch head does not lase because of the oscillating orbit. The bunch orbit is steered with dipole correctors near the chicane so that the
bunch head is travelling straight. A fully saturated photon beam at energy E2 (azure oval) is generated on the head in the second undulator section, tuned to K2.
The magnetic chicane delays the electron bunch and therefore the photon pulse at E2 with respect to the pulse at E1. With additional chicanes and undulator sections,
multiple pulses can be generated on different bunch slices. The current LCLS layout allows for three pulses with controlled photon energies and pulse delays.

ARTICLES NATURE PHOTONICS DOI: 10.1038/NPHOTON.2016.201

NATURE PHOTONICS | VOL 10 | NOVEMBER 2016 | www.nature.com/naturephotonics746

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Terawatt Attosecond Pulses

1 TW in 300 as 
Requires large modulation > 10 MeV 

J. Duris, In preparation 
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Towards LCLS-II

the dispersion inside a chicane or a dogleg. The large 
projected rms emittance growth after the BC2 and the 
final dogleg is due to the CSR effects caused by these 
large current spikes in the beam. Some slice emittance 
growth is also noticed after the BC1 due to the nonlinear 
space-charge effects associated with the lattice mismatch 
and the strong focusing of the beam around this region. 
The final slice emittances in both horizontal (X) and 
veritical (X) planes are below 0.5 um. The projected X 

 

 
Figure 5: Longitudinal phase space (top) and current 
profile (bottom) at the entrance to the hard X-ray FEL. 

 

 
Figure 6: Longitudinal phase space (top) and current 
profile (bottom) at the entrance to the soft X-ray FEL. 

emittance is about 1um and the projected Y emittance is 
about 0.5 um.  

Besides the nominal 100 pC charge case, we also 
carried out start-to-end simulation using the real number 
of electrons for the 300 pC charge and the 20 pC charge. 
Figure 8 shows the final longitudinal phase space and 
current profile at the entrance to the hard X-ray FEL for 
the 300 pC charge. The core of the beam has about 60 um 
relatively flat distribution with a current beyond 800 A. 
The final projected transverse emittance is about 1.3 um 

 

 
Figure 7: Transverse projected RMS emittance evolution 
(top) and slice emittance evolution (bottom) through the 
hard X-ray beam delivery system. 

  

 
Figure 8: Final longitudinal phase space (top) and current 
profile (bottom) for the hard X-ray FEL with 300 pC. 
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Electron Beam Dynamics

E-Beam

Coherent Undulator Radiation

High repetition rate (up to 1 MHz) 
High energy and timing stability 
Ideal playground for attosecond science! 

XLEAP at LCLS-II 
Challenging laser system ~ 1 kW 
Self-modulation easy option for baseline ESASE 

Use 4 wigglers for < 10 MeV modulation… 
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Summary

-Attosecond X-ray FELs subject of intense investigation at LCLS.  
Strong interest from the scientific user community and funding agencies. 

-XLEAP commissioning results show single spike spectra with 5.5 eV 
average BW, estimated pulse duration < 0.7 fs 

-Upcoming work 
Angular streaking measurement 

Two-color attosecond pulses 

-Present XLEAP scheme is scalable to LCLS-II repetition rate. 
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The Project Formerly Known as XLEAP

Since no laser is necessary, do we need the L in XLEAP? 

Open to suggestions for new name, so far favorites are: 

X-ray Current Horn Enhanced Attosecond Pulse generation (XCHEAP) 

THE PROJECT FORMERLY KNOWN AS XLEAP



Questions?


