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Two-pulses XFELs
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Requirements:
 Color separation
 Delay
 Pulse Duration
 Power
 Bandwidth 
 Polarization
 Pointing

 Controlling pulse intensity and turning on/off
 Scanning delay
 Scanning color separation

Without impact on
Anything else



Two-color XFELs
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Split undulator scheme






Split undulator scheme

Instrinsic delay:                                                (~ 6 fs at 530 eV at LCLS) T ൎ ሺ𝑁ଵ𝜆ଵ ൅ 2𝑁ଶ𝜆ଶሻ/3






Split undulator scheme

Strengths:

 Easy to setup
 Robust
 Large color separation (variable gap undulators)
 Delay and color separation scanned independently
 Chicane controls delay
 Undulator K controls color separation






Split undulator scheme

Used as state-of-art:
two-color with unbalanced intensities (weak pulse superposed with strong pulse)

Scheme limitations: 
 minimum intrinsic delay.
 first pulse cannot reach saturation
 Requires long undulator line (not suitable if gain-length is long, e.g. harder X-rays)
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Pulse intensity correlation

Limited reliability:
 Intensity anti-correlation
 anti-correlation can prevent any pulse overlap. 
 Microbunching can influence second pulse for small 

delays.
 Scanning delay / color separation can influence pulse 

shape if partial time overlap or color separation is small.



Twin-Bunch scheme
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Strengths:
 High power. Each pulse produced by an electron bunch
 Both colors use entire undulator line  suitable at any wavelength



Twin-Bunch scheme

• SXR, 150+150 pC
• 1.3 mJ shot
• ~ 100 fs pulse duration per pulse
• 780 eV

• HXR, 150+150 pC
• 1.96 mJ shot
• ~ 25 fs pulse duration per pulse
• 8 keV



Twin Bunch: Beam Carving

X-Y distribution in BC2



Twin Bunch: Beam Carving

X-Y distribution in BC2



Twin Bunch: Beam Carving

X-Y distribution in BC2



Twin-Bunch scheme: Robustness and reliability

 Beam setup requires change of entire machine.
 Delay and Color separation not on independent knobs.

 Change requires some retuning
 Pulses will not be identical after change 

 Changing pulse intensity ratio / turning one pulse off
 By matching, or by slotted foil.
 In future could be improved with laser heater.

 Stable once setup, but historically some setups have failed, or have been lengthy
 Injector laser issues
 Attaining some delay/color separation setting
 Lack of balance between color intensity (different compression / matching)
 Non collinear-beams
 Beam losses (with low energy and slotted foil)

 Pulses cannot be same color
 Color separation limited by e-beam chromatic effects.



Two-Bucket Scheme
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210 ns separation

F.-J. Decker



Two-Bucket Scheme. Wakefield issues short delays

Short delays (up to tens of nanoseconds), transverse wakefield problems.

Transverse wake function
o 350 ns sampling

K. Bane

Bucket separation scan

Transverse orbit 
feedback turned off

0 same bucket.

F.-J. Decker, K. Bane



Two-Bucket Scheme

Long delays (~ 100 ns and above)

• L0A, L0B pulses widened
• L1X, two pulses, one per bunch (lengthening increases temperature too much)
• L2,L3 might need unSLEDding.

• XTCAV runs unSLEDded, just reduces streaking.

By unSLEDding, 825 ns becomes 4000 ns, 
but with reduced energy gain.

Not suitable for hard X-ray operation  

F.-J. Decker



Two-Bucket Scheme
multiple bunches 

MPPS  Multi-Pulse Pulse-Stacker

Time-resolved electron bunch phase 
spaces measurement of 4 bunches

 5ns  

Gates:

Fast-diode measurement at XCS endstation. F.-J. Decker



Two-Bucket Scheme

Robustness and reliability:
 Beam setting up requires experts watching over many details. 
 Anti-correlation between pulses
 Lasing at longer delays might fail.
 Energy scans are complicated, require re-tuning, pulses not identical.
 Feedback does not work for some delay.
 Pulse delay change ok, but not for all delays, need to be prepared beforehand.

Measured charge as function of bucket delay. BPMs fail 
for delays of:

3.5 + 7 fs, for 140 MHz bandpass filtering

Cannot operate feedbacks for delays with failing BPMs.

Ok to operate feedbacks far from notches.



Two-Bucket Scheme
pulse energy correlation.
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Fresh-slice Scheme

 Fresh-slice allows controlling which electron bunch slice lases 
in each undulator section, without spoiling the                 
lasing-suppressed electron bunch slices.

Bunch head

Fresh-slices

Lasing tail

 Why Fresh-slice?

Be more precise with bunch/slice 
definition.

Avoid confusion with 
distinct bunches from the cathode. 

 Time-dependent orbit.

 Time-dependent focusing

 Time-dependent energy chirp

 Fresh-slice lasing requires a time-dependent electron slice parameter that can be used to 
enable or disable the lasing process.



Fresh-slice Scheme (by time-dependent orbit)

First undulator section: K1 Second undulator section: K2
Correctors set 

Head slice on axis

Time dependent orbit has been demonstrated by:
Dechirper transverse wakefield Energy chirp / dispersion.

Electron
bunch

Dechirper

Dechirper axis

Transverse Deflectors have been proposed






Fresh-slice Scheme (by time-dependent orbit)

BPM orbit for 
head lasing

1) The beam is tuned to lase uniformly on the entire phase space. 

2) A dechirper jaw is set close to the bunch. The BPMs record the 
Head Lasing orbit. Only the head of the bunch lases (A). The tail 
travels at an orbit about twice larger than the center-of-mass.

(A)

3) Orbit is controlled with correctors to select which slice is lasing. 
Different slices can lase in different undulator section.

4) Tail Lasing orbit is set, only the bunch tail lases. (B). The head 
travels at an orbit about twice larger than the center-of-mass.

(B)



 1.8 keV operation
 Bunch head (right)

 Both dechirper used for 
increased suppression 
and quadrupole 
compensation

Red orbit: head lasing
Black orbit: tail lasing
Blue orbit: bunch orbit

Fresh-slice Scheme 
control of the lasing slice






Fresh-slice Scheme
two-color

1.03 mJ 734 J

Head 
lasing

Tail lasing

With pump pulse in undulator 1-8
(allows long delays and zero delay crossing)

typical performance:

Pump ~ 150-200 uJ, 5-10 fs
Probe ~ 200-500 uJ, 8-15 fs

Max color separation ~2.5% (both sides)

Pulse on head (usually pump) may be up to 
4% higher energy than pulse on tail 
(exploiting energy chirp)

The transverse wake has approximately 
parabolic shape, therefore the lasing 
slice on the head has longer duration.

No chicane delay, pulse on head arrives first

“probe” ~ 15 fs before “pump”

Chicane delay >15 fs

pump before probe
Chicane delays head pulse, scanning delay 
from small advance to large (1 ps) delays

 Can scan through zero delay
 High power: different electron slices 

build up each pulse.



Fresh-slice double-pulses:
Two color scheme.

Beam head

Head lasing 
in the first 
section for 
stronger 
pump pulse

Head lasing 
in U1-U8
Tail lasing in 
U17-U33

Chicane 
delay used 
up to 900 fs
Small color 
separation 
required by the 
experiment

~ 500 uJ pump
~ 300 uJ probe






Each undulator line can be finely set:
polarization, pointing, taper.
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Energy-chirped beam by over-compression, and quadrupole in dispersive section

Stabilizes emission wavelength
Doesn’t require a dechirper

Dispersion-orbit Fresh-slice.



Matching-based dechirper Fresh-slice control



Robustness of the Fresh-slice methods
LCLS experience.

Matching-based Fresh-slice:
 Matching far more difficult than controlling orbit.
 Re-matching in undulator line requires stronger quadrupoles / more space.
 Lasing control succeeded ~50% of attempts. 
 Two-color were never demonstrated.

 Slice emittance measurement may improve setup.

Dispersion based Fresh-slice:
 Achieved performance for two color far below dechirper based method.

(gain-length of over-compressed beam, matching)
 Time-dependent performance of chirped beam.
 Making tilt has impact on matching. 
 Setup at lower energies did not succeed.

 User deliveries have been all with dechirper based method.



Robustness of the dechirper/orbit Fresh-slice 
LCLS experience.

 Gain length in first section
SXR Setup starts with ~ 800 uJ in 8 segments, bunch ~ 40 fs
Reproducibility of this setup is the main issue.

 Losses downstream of dechirper to achieve required tilt.

 Bunch tilt on X when dechirper is out
 Bad compensation of defocusing

 Downstream dechirper flattens orbit on tail.
 Pulse power control:

 Second pulse easy (kick beam out)
 First pulse, better pointing beam out

 Delay scan with same (close) color and 1st pulse overlaps with electrons.

 Longest delivery time ~ 6 hours, typical 1.5-3 hours.

yaw
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1st undulator section
8 segments

diamond
crystal

ψ

θ

2nd undulator section
6 segments

3rd undulator section
16 segments DeltaSXRSS 

Monochromator

HXRSS
Monochromator

Soft chicane Hard chicane

1 ps delay 50 fs delay



Cascaded Fresh-slice schemes

1 Spike 2 Spikes 3 Spikes >3 Spikes
13% 36% 36 % 15 %

304 J 299 J 289 J 235 J

X [mm]
−0.5 0 0.5 1 1.5

−60

−40

−20

0

20

40

60

X [mm]
−0.5 0 0.5 1 1.5

X [mm]
−0.5 0 0.5 1 1.5

X [mm]
−0.5 0 0.5 1 1.5 668 670 672 674

0

2

4

6

8

10

12

Photon energy [eV]

Sp
ec

tr
um

 [A
rb

. U
ni

ts
]

434 J
526 J
705 J

El
ec

tr
on

 e
ne

rg
y 

de
vi

at
io

n 
[M

eV
]

(a) (b) (c) (d) (e)Lasing off 434 J 526 J 705 J

Temporal 
simulated profile
Z.Guo



Cascaded Fresh-slice schemes two-color SASE

Fringes Fourier analysis allows to determine the actual 
delay between x-ray pulses

30 fs chicane delay H T

40 fs chicane delay H T

50 fs chicane delay H T

HT

Chicane off~15 fs head advance

 160 J total (on average)
 2-stage pump, 1-stage probe
 ~30 fs chicane delay sets tail 

pulse ~15 fs before head pulse
 Same wavelength set by K.
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 Simple control of duration of both pulses



Cascaded Fresh-slice schemes two-color SASE+SEEDED

1st Undulator
section at K1

2nd Undulator
Section at K1

First Color
Self-Seeded 

Second Color
SASE

3rd Undulator
Section at K2

Photon energy, around 530 eV
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2nd Undulator Self-seeding amplified on tail.
3rd Undulator SASE second color from shot noise. HXRSS chicane controls delay.
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Two-color 
on 
collimator

Experiment with 
split-undulator 
scheme



Two-color self-seeding.
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Two-color self-seeding.
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Conclusion

 The choice of two-color scheme depends mainly on photon beam requirements. 

Long ns delays  Two-buckets

femtosecond delays  Fresh-slice or Twin-bunch
HXR, Twin-bunch preferred (as long as supports enough color 

separation and not same color)
SXR, Fresh-slice preferred (easier to setup, longer delay supported)

 Schemes can be often combined, this adds complication 
Twin-bunch + self-seeding
Fresh-slice + polarization control

 Dechirper-orbit Fresh-slice is the only one that has been delivered to users:
easier setup
best performance
both basic scheme and cascaded 2 stage pump / 1 stage probe.

 Schemes are stable once setup, but setup requires experts.
 Understanding what schemes actually deliver may require experts. 



FINE

THANK YOU FOR YOUR ATTENTION
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