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Free-Electron Laser (FEL)
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Distinctive properties

▪ Good spatial and 
temporal coherence

▪ High power (> GW, 
potentially TW)

▪ Short pulse duration 
(< ps, potentially zs)

▪ Narrow bandwidth 
(Δ𝜆/𝜆 ≈ 0.1%)

▪ Tuneable wavelength

▪ Brightest laboratory 
x-ray source to date
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Free-Electron Lasers

(solid lines)

Electron Synchrotrons

(dash lines)

Spectral brightness = number of photons emitted

▪ per unit time

▪ per unit cross-sectional area

▪ per unit solid angle

▪ per 0.1% of the relative bandwidth



Phase Shifters
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End of break section

In a Nutshell

▪ What: compact magnetic chicanes

▪ Why: to alter phase angle between electron
and photon pulses

▪ How: delay electrons and increase slippage

Undulator segment Undulator segment Undulator segmentPhase shifter Phase shifter

Start of break section

Electrons

Photons
speed 𝑐

speed 𝑣 < 𝑐



Without Phase Shifters
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Undulator segment Undulator segment Undulator segment

𝐿drift

• Electron pulse traversing the break section 

𝐿drift = 𝑣 Δ𝑡

• Photon pulse within the same time interval

𝐿′drift = 𝑐 Δ𝑡 =
𝑐

𝑣
𝐿drift

• Slippage across the break section

𝐿slip = 𝐿′drift − 𝐿drift =
𝑐

𝑣
− 1 𝐿drift

• In terms of electron energy

𝛾 = 1/ 1 − 𝑣2/𝑐2

speed 𝑣



Without Phase Shifters
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Undulator segment Undulator segment Undulator segment

𝐿drift

• Taylor expansion

𝛾 =
1

1 − 𝑣2/𝑐2
⇒

𝑐

𝑣
= 1 −

1

𝛾2

−
1
2

≈ 1 +
1

2𝛾2

• Result

𝐿slip =
𝑐

𝑣
− 1 𝐿drift ≈

𝐿drift
2𝛾2

• For effective energy transfer from electrons to 

photons, we want 𝐿slip = 𝑛𝜆 (for some 𝑛 ∈ ℤ).

• However, 𝐿drift and 𝛾 are generally fixed.

• A knob for 𝐿slip in each break section is desirable.

speed 𝑣



With Phase Shifters

• Without a phase shifter 

𝐿slip =
𝐿drift
2𝛾2

• With a phase shifter 

𝐿slip =
𝐿drift
2𝛾2

+ Δ𝐿

• Electron-photon path difference

Δ𝐿 = 𝑆1 + 𝑆2 + 𝑆3 − 3𝑙

= 𝑅𝜃 +
𝑅

2
× 2𝜃 + 𝑅𝜃 − 3𝑙

= 3𝑅𝜃 − 3𝑙 = 3𝑅 sin−1
𝑙

𝑅
− 3𝑙
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Undulator segment Undulator segment Undulator segmentPhase shifter Phase shifter
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One of the simplest designs
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With Phase Shifters

• Taylor expansion

Δ𝐿 = 3𝑅 sin−1
𝑙

𝑅
− 3𝑙 ≈ 3𝑅

𝑙

𝑅
+

𝑙3

6𝑅3
− 3𝑙 =

𝑙3

2𝑅2

• Recall

1

𝑅
=
𝑒𝐵0
𝑝

, 𝑝 = 𝑚𝑒𝑐 𝛾2 − 1

• Result

𝐿slip 𝐵0 =
𝐿drift
2𝛾2

+ Δ𝐿 ≈
𝐿drift
2𝛾2

+
𝑒2𝑙3𝐵0

2

8𝑚𝑒𝑐
2 𝛾2 − 1

• 𝐵0 serves as an independent knob for 𝐿slip.

• Phase correction: 𝐿slip = 𝑛𝜆 (for some 𝑛 ∈ ℤ).
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Undulator segment Undulator segment Undulator segmentPhase shifter Phase shifter
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Advanced Operation Modes

Selected Applications of Phase Shifters
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Power Enhancement
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– Without phase shifts

– – – With phase shifts (different optimisations)
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Harmonic Lasing
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––– 𝜆 as fundamental (suppressed)

– – 𝜆/3 as 3rd harmonic
----- 𝜆/3 as fundamental

𝜆/3

𝜆

1. Undulator

3. Undulator

𝐿slip = 𝜆/3

Δ𝜃 = 2𝜋/3

2. Phase shift



Zeptosecond Light (𝟏 zs = 𝟏𝟎−𝟐𝟏 s)
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Summary

Phase shifters in FELs

• Purpose: to control phase angle between electron and photon pulses

• Principle: delaying electrons with respect to photons, thus increasing slippage

Examples of applications

• Enhancing FEL power beyond saturation

• Lasing at harmonic whilst suppressing fundamental

• Generating trains of zeptosecond FEL pulses

• ⇒ Under consideration for the proposed UKXFEL

Not covered in this talk

• Harmonic-lasing self-seeding (HLSS)

• High-brightness self-amplified spontaneous emission (HB SASE)

• Recent experiments at PAL on two-colour lasing using phase shifters
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Thank You

Dr Alan Mak Daresbury Laboratory 14


