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半亩方塘一鉴开，

天光云影共徘徊。

问渠那得清如许？

为有源头活水来。

—— 朱熹《观书有感》

“源对装置的性能有决定性的影响”



Science 323, 

1033 (2009) 

Electrons 

sources

Photon sciences: 

coherent THz to γ-rays 
Electron scattering: 

Diffraction, imaging, EELS

High energy physics:

Colliders, dark matter search

https://www.bnl.gov/rhic/news/

081407/story1.asp
ILC CDR

NIMA 729 (2013) 69

Ultramicroscopy 

4 (2007) 356

PRSTAB 17 (2014) 120701

Rev. Mod. Phys. 88 (2015) 015006

E-beam-driven facilities and instruments
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Industrial applications: 

Nondestructive testing, therapy, 

irradiation 
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Demands:

– Ultralow normalized emittance (~ 1 um)

– High current (kAmp)

– Beam charge ranging from 10 pC ‐ 1 nC

Photoinjectors 

deliver required 

e-beams for FEL

Cut-away view of the 

LCLS gun. Courtesy of 

E. Jongewaard

- Advanced electron sources is one of the 

enabling technologies for the XFEL

- Photoinjectors delivered the required 

high brightness beams

Short wavelength free-electron lasers

6
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R. Schoenlein et al., Science 274, 236 (1996)

Y. Du et al., RSI 84, 053301 (2013)

• Most promising approach for generating 

ultrafast gamma-ray pulses, for the 

emerging field of nuclear photonics

• Requires high intensity, small spot, low 

divergence,  ultrashort, well synchronized 

electron and laser beams 

ELI-NP 𝜸 source

Inverse Compton scattering sources

Demands:

– Ultralow normalized emittance (~ 1 um)

– Beam charge from 100 pC ‐ 1 nC
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Ultra-fast electron diffraction and microscope( UED & UEM)

G. Mourou and S. Williamson, APL 41, 44 (1982)

S. Williamson, G. Mourou and J. C. M. Li, PRL 52, 2364 (1984)
aluminum or gold 

photocathode

See e.g. M. Chergui and A. H. Zewail, ChemPhysChem 10, 28 

(2009); R. J D. Miller, Science. 343, 1108 (2014) and etc.

Science outcome: 

XFEL and UES are 

complementary tools towards a 

complete picture of dynamics

Visualizing the ‘ultrasmall’ and ‘ultrafast’

Demands:

– Ultralow normalized emittance (nm rad)

– Ultrashort bunch length,~10’s fs

– well synchronized to laser with in 10-100fs

– Beam charge from fC ‐ pC
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100+ years development of electron sources

J. J. Thomson, discovered electron 

using a cathode ray tube (1897) Part of the LBNL team and the LCLS-II gun (2017)

https://www6.slac.stanford.edu/n

ews/2018-04-09-slac-produces-

first-electron-beam-

superconducting-electron-

gun.aspx

Crookes–Hittorf tube

https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
https://www6.slac.stanford.edu/news/2018-04-09-slac-produces-first-electron-beam-superconducting-electron-gun.aspx
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Components of an electron gun

DC gun for TEM PITZ RF gun for XFEL

• Gun type: DC or RF gun

• Main components:

• A Cathode of some type for 

generating electrons

• Accelerating Voltage between the 

cathode and anode 

• Anode(or not?)

• Focusing structures

• Auxiliary system, Vacuum, power, 

cooling ……
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Typical beam time structures of gun

DC gun
RF gun

DC always ON

DC Pulsed

DC Pulsed,

Amp &Freq 
modulated

DC always on

Beam pulsed
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What properties we care about?

• Current (average, peak)

• Bunch charge

• Pulse length 

• Beam size

• Emittance 

• Beam brightness 

• Reliability 

• Physical size

• Cost 

• ……

“I Want……”

Lower Emittance

Higher charge 

per bunch

Large duty factor

No matter what – people always want more than they have! 

Higher 

brightness

“Gun determines all”
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⚫ Some topics in an electron gun

⚫ Emittance and phase space

⚫ Cathode and electron emission

⚫ Beam emittance in photo-cathode RF gun
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Phase space and beam emittance

How good is a Charged Particle Beam? Lab frame

Small 

divergence

Large

divergence

Phase space

Phase space 𝑥, 𝑦, 𝑧, 𝑝𝑥, 𝑝𝑦, 𝑝𝑧 or 𝑥, 𝑦, 𝑡, 𝑝𝑥, 𝑝𝑦, 𝐸

Emittance (volume) 𝜖𝑛𝑥 = 𝜎𝑥𝜎𝑝𝑥
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Emittance is less strictly defined as the area occupied by the a bunch of charged particles in trace space. i.e. 

Phase space and beam emittance

The trace-space area Ax is related to the phase-space area in x-px plane by 

𝐴𝑥 =ඵ𝑑𝑥 𝑑
𝑝𝑥
𝑝

=
1

< 𝑝𝑧 >
ඵ𝑑𝑥𝑑𝑝𝑥 =

1

𝛾𝛽
∙
1

𝑚𝑐
ඵ𝑑𝑥𝑑𝑝𝑥

It’s useful to define ‘normalized emittance’ that is independent of particle energy such that 

𝜀𝑥 = 𝐴𝑥 ׭= dxdx m-rad

𝜀𝑛 = 𝛾𝛽𝜀

Define RMS emittance as

𝜀𝑥 = < 𝑥2 >< 𝑥′2 >−< 𝑥𝑥′ >2= 𝜎𝑥
2𝜎𝑥′

2 − 𝜎𝑥𝑥′
2 = det 𝜎 𝜎 =

𝜎𝑥
2 𝜎𝑥𝑥′

𝜎𝑥𝑥′ 𝜎𝑥′
2

But beams with quite different distributions in trace space may occupy the same area!! 

If x and x’ are not correlated (e.g. at beam waist) 

𝜀𝑥 = < 𝑥2 >< 𝑥′2 >= 𝜎𝑥𝜎𝑥′
RMS emittance provides a quantitative 
description of beam quality 

𝑝𝑍 ≫ 𝑝𝑥
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Let f (x,x’) be the distribution function such that  f (x, x)dxdx =N . N is the total number of particles. Beam parameters 
can be defined accordingly as: 

Beam size and beam divergence

Phase space and beam emittance

root-mean square (RMS) of a set of n values is defined as: 
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Phase space and beam emittance

• RMS emittance gives more weight to the particles in the outer region of the trace- space area. Therefore, removing 

some outer particles will significantly reduce RMS emittance without too much degradation of beam intensity. 

• Liouville theorem states that for Hamiltonian systems the phase space density stays constant.

• As long as the particle dynamics in the beamline elements (transport optics, accelerating sections) can be 

described by Hamiltonian functions (no binary collisions, stochastic processes, etc. ), the phase space density will 
stay constant throughout the accelerator.

• The phase space density obtained at the electron source is a critical parameter.

• In real machines, rms emittances are conserved only when linear forces act on the distribution

M. Reiser, Theory and Design of 

Charged Particle Beams (2008)

• Beam brightness(density) is simply defined as
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⚫ Some topics in an electron gun

⚫ Emittance and phase space

⚫ Cathode and electron emission

⚫ Beam emittance in photo-cathode RF gun
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How to generate free electrons?

• Charging by friction, voltaic battery 
Crookes–Hittorf tube

• Cathode Ray, Crookes tube

• Guthrie measured the discharge of a positively charged, red-hot sphere 
into air, helping establish understanding of the thermionic emission 
phenomenon(1873)

• Edison’s work with the light bulb
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How to generate free electrons?

Vacuum level

Work function W

Fermi level 𝐸𝐹

• In physics, the vacuum level refers to the energy of a free stationary 
electron that is outside of any material (it is in a perfect vacuum).

• Fermi level: the highest energy level that an electron can occupy at absolute zero 
temperature.  At absolute zero temperature (0 Kelvin), the electrons fill up the 
energy levels starting from the lowest.

• Give electrons enough energies to overcome the potential barrier, so that they 
escape from material into vacuum

• Work function, the energy that an electron must gain above the Fermi energy (EF) 
in order to emit into vacuum, W = vacuum level-Fermi level

• Work function depends on cathode material and operation temperature 
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Type of electron emission

• Give the conduction band electrons extra energy: 

• thermionic emission,  

• photoemission, 

• secondary emission

• Change the potential barrier: 

• field emission,

• plasma emission

Give electrons enough energies to overcome the 

potential barrier, so that they escape from 

material into vacuum
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• The Fermi level (EF) can be defined from the Fermi-Dirac distribution, which is:

• Where:

• f(E) is the Fermi-Dirac distribution function, representing the probability 
of finding an electron with energy state E.

• E is the energy of the electron

• EF is the Fermi level

• kB is Boltzmann’s constant, k=1.380649 × 10-23 J/K，

• T is the temperature in Kelvin

𝑓𝐹𝐷 𝐸 =
1

𝑒 Τ(𝐸−𝐸𝐹) 𝑘𝑇+1
 

Heaviside-step function, H(x) when T -> 0 

𝐸𝑓 =
ℎ2

8𝑚

3𝑛

2

2/3
n = N/V  is the electron density 
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Density of available states in metal

• Electron motion in the conduction band can be approx. modeled by free particles bound by infinite potential barriers 
located at the physical boundaries of the metal 

• Solving the time independent Schrodinger equation under these boundary conditions, Born-Karman boundary conditions

• The corresponding wave functions are: 

Ψ 𝑥, 𝑦, 𝑧 = sin(𝑘𝑥𝑥) sin(𝑘𝑦𝑦) sin(𝑘𝑧𝑧)

𝑘𝑥𝐿𝑥 = 2𝜋𝑛𝑥, 𝑘𝑦𝐿𝑦 = 2𝜋𝑛𝑦, 𝑘𝑧𝐿𝑧 = 2𝜋𝑛𝑧

• Where:

𝑛𝑖 = 1,2,3,4……∞,

𝐸 𝑘 =
ℏ2𝑘2

2𝑚
=
ℏ2

2𝑚
𝑘𝑥
2 + 𝑘𝑦

2 + 𝑘𝑧
2 𝐸 =

𝑝2

2𝑚
=
1

2
𝑚𝑣2
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Density of available states in metal

𝑘𝑥𝑘𝑦𝑘𝑧

𝑛𝑥𝑛𝑦𝑛𝑧
= Δ෨𝑘 =

2𝜋

𝐿𝑥
∙

2𝜋

𝐿𝑦
∙

2𝜋

𝐿𝑧
=

2𝜋 3

𝑉

𝜌 𝑘 =
1

Δ෨𝑘
=

𝑉

8𝜋3

• Density of state in k-space:
S=(2/L)2

• Total number of k value in k-space:       𝜌 𝒌 ∙
4

3
𝜋𝑘3

• Total number of energy state: 

𝑍 𝐸 = 2 ∙ 𝜌 𝑘 ∙
4

3
𝜋𝑘3 = 2 ∙

𝑉

8𝜋3
∙
4

3
𝜋
2𝑚

3
2

ℏ3
𝐸
3
2 =

𝑉 2𝑚
3
2

3𝜋2ℏ3
∙ 𝐸

3
2 = 𝑁

• Density of state per unit volume per unit energy interval  

𝑛 𝐸 =
𝑑
𝑍 𝐸
𝑉

𝑑𝐸
=

2𝑚
3
2

2𝜋2ℏ3
∙ 𝐸

1
2 =

8 2𝜋𝑚
3
2

ℎ3
𝐸
1
2

2-D

3-D

Electron is fermion, Pauli exclusion principle, different spin
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• Fermi-Dirac distribution function 

𝑓𝐹𝐷 𝐸 =
1

𝑒 Τ(𝐸−𝐸𝐹) 𝑘𝑇+1
 

• Density of electrons per unit energy interval 

𝑛 𝐸 𝑑E =
8 2𝜋𝑚

3
2

ℎ3
𝐸
1
2

1

𝑒 Τ(𝐸−𝐸𝐹) 𝑘𝑇 + 1

• Number of state in p or k or v space

Δ෨𝑘 =
2𝜋

𝐿𝑥
∙

2𝜋

𝐿𝑦
∙

2𝜋

𝐿𝑧
=

2𝜋 3

𝑉
𝑑𝑆 = 2𝑉𝑑𝑘𝑥𝑑𝑘𝑦𝑑𝑘𝑧/ 2𝜋

3

𝑘 =
2𝜋

𝜆
=
2𝜋𝑝

ℎ

𝑑𝑆 =
2𝑉

ℎ3
𝑑𝑝𝑥𝑑𝑝𝑦𝑑𝑝𝑧

• Where 𝑝𝑥 = 𝑚𝑣𝑥 ⟹ 𝑑𝑝𝑥 = 𝑚𝑑𝑣𝑥，so 𝑑𝑆 =
2𝑉

ℎ3
∙ 𝑚3 𝑑𝑣𝑥𝑑𝑣𝑦𝑑𝑣𝑧

𝐸 =
𝑝2

2𝑚
=
1

2
𝑚𝑣2
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Thermionic emission 

• Some electrons can reach energy greater than fermi level and vacuum  level and escape to vacuum when  the 
temperature T is high enough. 

• The number of electrons in velocity space 𝑣𝑥 → (𝑣𝑥 + 𝑑𝑣𝑥), 𝑣𝑦 → (𝑣𝑦 + 𝑑𝑣𝑦), 𝑣𝑧 → (𝑣𝑧 + 𝑑𝑣𝑧) is 

𝑑𝑁 = 𝑓 𝐸 ∙ 𝑑𝑆 = 
1

𝑒 Τ(𝐸−𝐸𝐹) 𝑘𝑇+1

2𝑉

ℎ3
∙ 𝑚3 𝑑𝑣𝑥𝑑𝑣𝑦𝑑𝑣𝑧 and the density: 𝑑𝑛 =

𝑑𝑁

𝑉

• For thermionic emission, 𝐸 − 𝐸𝐹 ≫ 𝑘𝑇, then  

𝑓𝐹𝐷 𝐸 ≈ 𝑒 Τ− 𝐸−𝐸𝐹 𝑘𝑇 = 𝑒
𝐸𝐹
𝑘𝑇 ∙ 𝑒−

1
𝑘𝑇∙

1
2𝑚(𝑣𝑥

2+𝑣𝑦
2+𝑣𝑧

2)

𝑑𝑛 =
𝑑𝑁

𝑉
=
2𝑚3

ℎ3
𝑒
𝐸𝐹
𝑘𝑇 ∙ 𝑒−

𝑚
2𝑘𝑇𝑣𝑥

2

𝑑𝑣𝑥 ∙ 𝑒
−
𝑚
2𝑘𝑇𝑣𝑦

2

𝑑𝑣𝑦 ∙ 𝑒
−
𝑚
2𝑘𝑇𝑣𝑧

2

𝑑𝑣𝑧

𝑑𝐽 = 𝑒𝑣𝑧𝑑𝑛 = 𝑒𝑣𝑧
2𝑚3

ℎ3
𝑒
𝐸𝐹
𝑘𝑇 ∙ 𝑒−

𝑚

2𝑘𝑇
𝑣𝑥
2

𝑑𝑣𝑥 ∙ 𝑒
−

𝑚

2𝑘𝑇
𝑣𝑦
2

𝑑𝑣𝑦 ∙ 𝑒
−

𝑚

2𝑘𝑇
𝑣𝑧
2

𝑑𝑣𝑧 

• The density of current: 

Z is direction of emission, 
normal to cathode surface.
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Richardson-Dushmann equation

𝐽 = න𝑑𝐽 =
2𝑒𝑚3

ℎ3
𝑒
𝐸𝐹
𝑘𝑇න

−∞

+∞

𝑒−
𝑚
2𝑘𝑇

𝑣𝑥
2

𝑑𝑣𝑥න
−∞

+∞

𝑒−
𝑚
2𝑘𝑇

𝑣𝑦
2

𝑑𝑣𝑦න
𝑣𝑧0

+∞

𝑣𝑧𝑒
−
𝑚
2𝑘𝑇

𝑣𝑧
2

𝑑𝑣𝑧

1

2
𝑚𝑣𝑧

2 ≥ 𝐸𝐹 +𝑊,

𝑣𝑧0 =
2(𝐸𝐹 +𝑊)

𝑚

• Only electrons with energy greater than 𝐸𝐹 +𝑊 and with velocity 𝑣𝑧 in z-direction larger than the 
critical velocity 𝑣𝑧0 contribute to thermionic emission, so the current is 

∞−׬
+∞

𝑒−𝑎𝑥
2
𝑑𝑥 = Τ𝜋 𝑎，so ׬−∞

+∞
𝑒−

𝑚

2𝑘𝑇
𝑣𝑥
2

𝑑𝑣𝑥 =
2𝜋𝑘𝑇

𝑚

𝑥𝑒−𝑎𝑥׬
2
𝑑𝑥 = −

𝑒−𝑎𝑥
2

2𝑎
，so ׬𝑣𝑧0

+∞
𝑣𝑧𝑒

−
𝑚

2𝑘𝑇
𝑣𝑧
2

𝑑𝑣𝑧 =
𝑘𝑇

𝑚
𝑒−

𝐸𝐹+𝑊

𝑘𝑇

𝐽 =
2𝑒𝑚3

ℎ3
𝑒
𝐸𝐹
𝑘𝑇 ∙

2𝜋𝑘𝑇

𝑚
∙
𝑘𝑇

𝑚
𝑒−

𝐸𝐹+𝑊
𝑘𝑇 =

4𝜋𝑒𝑚𝑘2

ℎ3
𝑇2𝑒−

𝑊
𝑘𝑇 = 𝐴 𝑇2𝑒−

𝑊
𝑘𝑇

𝐴 =
4𝜋𝑒𝑚𝑘2

ℎ3

= 1.202 × 106 A m−2K−2Richardson-Dushmann equation : 𝐽𝑡ℎ = 𝐴 𝑇2𝑒−
𝑊
𝑘𝑇

𝐸𝐹 +𝑊

𝐸 − (𝐸𝐹 +𝑊)
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Richardson-Dushmann equation

）

• Work function and Richardson constant of 
various materials

• Thermionic emission of various cathode materials 
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Common thermionic cathodes
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Planar diode with space charge – Child-Langmuir Law
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Schottky effect

-+

𝑒𝐸𝐼 𝑥 =
−𝑒2

4𝜋𝜀0 2𝑥 2

𝜙𝐼 𝑥 = −න
𝑥

∞

𝐸𝐼 𝑥 𝑑𝑥 =
𝑒

16𝜋𝜀0𝑥

𝜙 𝑥 = −𝑒𝐸𝑎𝑥 −
𝑒2

16𝜋𝜀0𝑥

𝑑𝜙

𝑑𝑥
= −𝑒𝐸𝑎 +

𝑒2

16𝜋𝜀0𝑥
2 = 0⟹ 𝑥𝑚 =

𝑒

16𝜋𝜀0𝐸𝑎

𝜙𝑚 = −𝑊 = −𝑒
𝑒𝐸𝑎
4𝜋𝜀0

Image charge potential: 

With applied field potential:

Image charge force:

Maximum of potential: 
Schottky barrier 
lowering

𝐽𝑒 = 𝐴 𝑇2𝑒−
𝑊−Δ𝑊
𝑘𝑇 = 𝐽𝑡ℎExp(

𝑒 𝑒𝐸/4𝜋𝜀0
1
2

𝑘𝑇
)

Δ𝑊 = 𝑒
𝑒𝐸𝑎
4𝜋𝜀0

Effective work function: 𝜙𝑒𝑓𝑓 = 𝜙𝑤 − 𝜙𝑠𝑐ℎ𝑜𝑡𝑡𝑘𝑦
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Field emission

• When the electric field at the surface of a cathode reaches a critical level, the diode current is observed to rise sharpy. 

• The potential barrier is suppressed  and distorted by applied field, and electron can “tunnel” through the barrier. The 
barrier penetration depends on the work function, the Fermi level, and the field strength. 

• The emission current density is given by the Fowler-Nordheim equation, the current density is extremely sensitive 
function of the field.

• The required field are quite high(107-108 V/m), significant field enhancement occurs on the tip.

• The source of dark current in a gun

𝐽𝐹𝑁(𝐹) = 𝐴𝐹𝑁𝐸
2exp(−

𝐵𝐹𝑁𝑊
ൗ3 2

𝐸
)

𝐸apex = 𝛽𝐸𝑀 = 𝛽
𝑉

𝐻
𝛽:  field enhancement factor

Thermionic and cold field emission
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Photoelectric emission

• Electron produced by shining light on surface of metal

• Below the threshold energy(wavelength) no electrons are emitted

• Above the threshold, electron energy is the same at any wavelength of light independent of intensity  

• Einstein proposed that this is due to the particle nature of light, predicted energy dependence of electrons on incident 
light wavelength ( Nobel prize for work on the photoelectric effect) 

• Type of photocathodes: 

• Metals: copper, Mg; low efficiency, good time response, resistant to contamination, UV laser

• Semi-conductors: GaAs, Cs2Te, K2CsSb, GaN; high efficiency, slower time response, sensitive to contamination, 
visible/IR/UV laser
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Photoelectric  emission

Metal Vacuum

1)Photon 

absorbed

2)Electrons 

move to surface
3)Electrons 

escape to vacuum

Direction normal to surface

E
n

er
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y

Fermi

Energy

Potential barrier 

due to spillout electrons

Optical depth

photon

e- e- e-

occupied

valence

states

Metal Vacuum

1)Photon 

absorbed

2)Electrons 

move to surface
3)Electrons 

escape to vacuum

Direction normal to surface

E
n
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g
y

E
n

er
g
y

Fermi

Energy

Potential barrier 

due to spillout electrons

Optical depth

photon

e- e- e-e-

occupied

valence

states

• 3-step model (excite, transport, escape) used to explain the emission process
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Quantum efficiency  

QE =
𝑁𝑒
𝑁𝑝ℎ

Heaviside-step function, H(x)

𝑘𝑇 ≪ ℎ𝜔
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up limit of integrallow limit of integral
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𝑄𝐸 𝜔 =
1 − 𝑅 𝜔

1 +
𝜆𝑜𝑝𝑡 𝜔
ҧ𝜆𝑒−𝑒 𝜔

𝐸𝐹 +𝜙𝑒𝑓𝑓
2ℏ𝜔

1 −
𝐸𝐹 +𝜙𝑒𝑓𝑓
𝐸𝐹 + ℏ𝜔

2

𝑄𝐸 𝜔 ≈
1 − 𝑅 𝜔

1 +
𝜆𝑜𝑝𝑡 𝜔
ҧ𝜆𝑒−𝑒 𝜔

ℏ𝜔 −𝜙𝑒𝑓𝑓
2

8𝜙𝑒𝑓𝑓 𝐸𝐹 +𝜙𝑒𝑓𝑓

𝑄𝐸 𝜔 = ቚ𝑄𝐸
ℏ𝜔=𝜙𝑒𝑓𝑓

+ ቤ
𝑑𝑄𝐸

𝑑ℏ𝜔
ℏ𝜔=𝜙𝑒𝑓𝑓

ℏ𝜔 − 𝜙𝑒𝑓𝑓 +
1

2
อ

𝑑2𝑄𝐸

𝑑ℏ𝜔2

ℏ𝜔=𝜙𝑒𝑓𝑓

ℏ𝜔 −𝜙𝑒𝑓𝑓
2
+⋯

Quantum efficiency  

More details: An Engineering Guide to Photoinjectors
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transverse emittance in the three-step mode

𝜀𝑥 = < 𝑥2 >< 𝑥′2 >−< 𝑥𝑥′ >2= 𝜎𝑥
2𝜎𝑥′

2 − 𝜎𝑥𝑥′
2 = 𝜎𝑥𝜎𝑥′

𝜀𝑥𝑛 = 𝛽𝛾𝜀𝑥 =
1

𝑚𝑐
𝑥2 𝑝𝑥

2 = 𝜎𝑥𝜎𝑝𝑥

𝜀𝑛 = 𝜎𝑥𝜎𝑝𝑥= 𝜎𝑥
ℏ𝜔−𝜙𝑒𝑓𝑓

3𝑚𝑐2

the dimensionless rms transverse momentum 

The normalized emittance 

Mean Transverse Energy:  MTE =
1

2
𝑚𝑣2

MTE =
1

𝑁
෍

1

𝑁
𝑝𝑥,𝑦
2

2𝑚

𝜀𝑛 = 𝜎𝑥𝜎𝑝𝑥= 𝜎𝑥
MTE

𝑚𝑐2
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Widely used (still not fully understood) photocathodes

Important References:

– D. Dowell et al. Cathode R&D for future light sources. NIMA 622:13 (2010)

– Photocathode Physics for Photoinjectors workshop series.

Metallic Semi-conductor

QE 10-5-10-3 >10-2

𝜆𝑝ℎ UV UV-IR

tresponse ~10 fs >sub-ps

Vacuum 10-9 torr <10-10 torr

Life time years up to months

Common cathode materials:

- Metals: Cu, Mg, Au, Pb, …
- Semiconductors: Cs2Te, K2CsSb, GaAs  

Typical MTE 0.5 eV → ~1 mrad
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Simple metallic cathodes are not so simple

• Cu, most widely used, happen to be the cavity wall material

• 3-step model (excite, transport, escape) used to explain Cu

• Surface composition and morphology play significant roles

Electron beam emission image of the cathode after 

>1 yr of operation

- Surface chemistry

- Morphology

- Optical absorption

- Electron scattering 

𝜆

2𝑎
MTE𝑓𝑖𝑒𝑙𝑑 =

𝜋2𝑎2𝐸0𝑒

2𝜆
MTE𝑤𝑓 =

𝜋2ℎ2𝑒

4 2𝑎𝐸0

Physical Roughness
Chemical Roughness

S. Karkare and I. Bazarov, Phys. Rev Applied, 4, 024015 (2015)

J. Feng, S. Karkare et al, J. Appl. Phys. 121, 044904 (2017)

G. Gevorkyan et al. PRAB, 21, 093401(2018) 
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Ordered, Clean surface

• Laser skin depth typically ~10 nm for metallic photocathodes

• Clean, order surface has distinct band structure and can emit in one step

Effect surface state of Ag(111)

S. Karkare et al. PRL 

118, 164802 (2017)

Cooled, clean Cu(100) surface

Room Temp. 30 K

6 meV!!
30 meV

S. Karkare et al. talk at 

2018 P3 Meeting

Room temp. 

25 meV
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now future

• Engineer materials with small effective 

mass & crystal-k conservation

• Computational screening 

of candidate materials

New photocathode materials by design

Center for bright beam (CBB) website
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⚫ Some topics in an electron gun

⚫ Emittance and phase space

⚫ Cathode and electron emission

⚫ Beam emittance in photo-cathode gun
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Beam dynamics in photocathode RF gun

𝑑𝒑

𝑑𝑡
= 𝑭 = 𝑒(𝑬 + 𝒗 ×𝑩)

• Motion equation of an electron in electromagnetic field

• Acceleration by longitudinal E-field 

𝑑𝒑𝒛
𝑑𝑡

= 𝑭𝒛 = 𝑒𝑬𝒛

• Transverse bending/focusing/defocusing

𝑑𝒑𝒙
𝑑𝑡

= 𝑭𝒙 = 𝑒(𝑬𝒙− 𝑣𝑧𝑩𝒚)
𝑑𝒑𝒚
𝑑𝑡

= 𝑭𝒚 = 𝑒(𝑬𝒚+ 𝑣𝑧𝑩𝒙)

𝑑𝒑𝒓
𝑑𝑡

= 𝑭𝒓 = 𝑒(𝑬𝒓− 𝑣𝑧𝑩𝜽)

(𝒓, 𝜽, 𝒛) coordinate
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Field in a gun

5-10MV/m ～100MV/m 20-30MV/m

• Guns designed with quite different field distribution and strength

• DC gun, RF gun
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Longitudinal acceleration

• DC gun 𝐸 𝑧, 𝑟, 𝑡 = 𝐸0𝑒(𝑧)

𝑑𝛾

𝑑𝑧
=
𝑒𝐸0𝑒 𝑧

2𝑚𝑐2

• RF gun (standing wave structure)

1.6 cell type

𝐸 𝑧, 𝑟, 𝑡 = 𝐸0𝑒 𝑧 sin(𝜔𝑡 + 𝜙0)

𝛾 = න
0

𝑧 𝑑𝛾

𝑑𝑧
𝑑𝑧 =

𝑒𝐸0 0׬
𝑧
𝑒 𝑧 𝑑𝑧

2𝑚𝑐2

define electron phase with respect to rf field as 

𝜙 = 𝜔𝑡 − 𝑘𝑧 + 𝜙0 or 𝜙 = 𝑘න
0

𝑧 𝛾

𝛾2 − 1
𝑑𝑧 + 𝜙0

𝑑𝛾

𝑑𝑧
=
𝑒𝐸0[sin 𝜙 + sin(𝜙 + 2𝑘𝑧)]

2𝑚𝑐2

can be calculated with Runge-Kutta method 
𝑑𝛾

𝑑𝑧
=
𝑒𝐸0𝑒 𝑧 sin(𝜔𝑡 + 𝜙0)

2𝑚𝑐2

For 1.5cell pi-mode RF gun, 𝐸(𝑧, 𝑟, 𝑡) ≈ 𝐸0 cos 𝑘𝑧 sin(𝜔𝑡 + 𝜙0)
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Transverse motion

𝑑𝒑𝒙
𝑑𝑡

= 𝑭𝒙 = 𝑒(𝑬𝒙− 𝑣𝑧𝑩𝒚)

带电粒子速度选择器

𝑣 = 𝐸/𝐵

𝑝 = 𝑒𝑟𝐵
𝜅 =

𝑒𝐵0/𝑎

𝛾𝛽𝑚0𝑐
𝜅 =

𝑒𝑉0/𝑎

𝛾𝛽2𝑚0𝑐
2

1

𝑓
= −

∆𝑟′

𝑟
=

𝑒

2𝑚𝑐𝛽𝛾

2

න
𝑧1

𝑧2

𝐵2𝑑𝑧
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Emittance growth due to rf field

• With longitudinal E-field 𝐸𝑧, transverse fields can be found from Maxwell equations(paraxial approximation):

𝑒𝐵𝜃 =
𝑟

2

𝜕𝐸𝑧
𝜕𝑡

𝐸𝑟 = −
𝑟

2

𝜕𝐸𝑧
𝜕𝑧

𝐹𝑟 = 𝑒(𝐸𝑟 − 𝛽𝑐𝐵𝜃) −
𝑟

2

𝜕𝐸𝑧
𝜕𝑧

𝐸 𝑧, 𝑟, 𝑡 = 𝐸0𝑒 𝑧 sin(𝜔𝑡 + 𝜙0) ≈ 𝐸0 cos 𝑘𝑧 sin(𝜔𝑡 + 𝜙0)

Assume transverse deflection is small, r can be regards as constant and integrate the equation of radial 

motion give the radial impulse  

𝑝𝑟 =
1

𝑚𝑐
න
0

𝑓

𝐹𝑟𝑑𝑡 𝑝𝑟 = 𝑝𝑟0 + 𝛼𝑘𝑟 𝛽 cos 𝑧𝑓 sin 𝜔𝑡 + 𝜙0 − sin 𝑘𝑧𝑓 cos 𝜔𝑡 + 𝜙0 ≈ 𝛼𝑘𝑟 sin𝜙

0 for axial symmetric field Phase dependence 

𝜀𝑥
𝑟𝑓
= 𝑥2 𝑝𝑥

2 − 𝑥𝑝𝑥
2 ≈ 𝛼𝑘𝑟 𝑥2 sin2𝜙 − sin𝜙 2 ≈

𝑒𝐸0
2𝑚𝑐2

𝑥2 𝜎𝜙
2

2

Emittance increase due to transverse rf field:
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Emittance growth due to multipole field in gun 

• Previous page gives the emittance growth due to monopole field in the gun

• Non-axisymmetric structure excites multipole field components, such as the dipole, quadrupole, and 

octopole, which kick the beam time dependently, leading to the emittance growth 

CHAE et al, Phys. Rev. ST Accel. Beams 14, 104203 (2011) 

𝐸𝑧
110 ≈ 𝐸1sin 𝜔𝑡 + 𝜙0 cos 𝑘𝑧 𝐽1 𝑘𝑐𝑟 cos 𝜃 −

𝜋

2
= 𝛼110 𝐸0sin 𝜔𝑡 + 𝜙0 cos 𝑘𝑧 𝑦

𝑝𝑦
110 ≈ −𝛼110𝛼𝐿 sin𝜙0 ො𝑦

𝜀𝑛,𝑦
110 ≈ 𝛼110𝛼𝐿 c𝑜𝑠 𝜙0 𝜎𝑦𝜎𝜙

𝐸𝑧
210 ≈ 𝛼210 𝐸0sin 𝜔𝑡 + 𝜙0 cos 𝑘𝑧 (𝑥2 + 𝑦2)

𝜀𝑛,𝑦
210 ≈ 2𝛼210𝛼𝐿 c𝑜𝑠 𝜙0 𝜎𝑦

2𝜎𝜙

𝛼110, 𝛼210 : ~10-4 to 10-6 for fine designed RF structure, emittance growth : ~0.01-0.1 mm mrad
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SLAC LCLS gun design Tsinghua gun design 

同型
对称孔

优化
对称孔

四孔
对消

Houjun Qian et. al, NIMA 597, 121 (2008) 

Xin Guan et. al, NIMA 574, 17 (2007) 

Emittance growth due to multipole field in gun 

Structure design to eliminate the multipole 

Dual feed + racetrack
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Emittance growth due to space charge (SC) forces

𝐸𝑟 =
𝜌𝑟

2𝜀0
=

𝐼𝑟

2𝜋𝜀0𝑎
2𝑣

 for 𝑟 ≤ 𝑎 𝐵𝜃 =
𝜇0𝐽𝑟

2
=

𝜇0𝐼𝑟

2𝜋𝑎2
 for 𝑟 ≤ 𝑎

• For infinite length, uniform beam, the E-M field generated by beam:  

න 𝜀0𝐸 ∙ 𝑑𝑆 = න 𝜌𝑑𝑉

2𝜋𝑟𝑙 ∙ 𝜀0𝐸𝑟 = 𝜌 ∙ 𝜋𝑟2𝑙

න𝐵 ∙ 𝑑𝑙 = න𝜇0𝐽 ∙ 𝑑𝑆

𝐵𝜃 ∙ 2𝜋𝑟 = 𝜇0𝐽 ∙ 𝜋𝑟
2

𝐹𝑟 = 𝑒 𝐸𝑟 − 𝛽𝑐𝐵𝜃 = 𝑒 1 − 𝛽2 𝐸𝑟 =
𝑒𝐸𝑟
𝛾2

𝑑2𝑟

𝑑𝑧2
=

𝑒𝐼

2𝜋𝑚𝛾3𝜀0𝑎
2𝑣3

𝑟 =
𝐾

𝑎2
𝑟，其中 𝐾 =

2𝐼

𝐼𝐴 𝛽𝛾 3 , 𝐼A =
4𝜋𝜀0𝑚𝑐3

𝑒
 

• The force to the electron 

• Equation of motion:



52

Emittance growth due to space charge (SC) forces

• Beam dynamics are almost decoupled in longitudinal and transverse directions

• Thus we usually treat the entire beam as many slices

• SC acts as defocusing lens, and the strength ∝ charge density of each slice

• There is slight different for each slice with finite length bunch

Slice emittance

Projected emittance

Important literatures on emittance 

compensation: 

K.-J. Kim, NIMA 275, 201 (1988)

B. Carlsten, NIMA 285, 313 (1989)

L. Serafini and J. Rosenzweig, PRE 

55, 7565 (1997)

S.C. Anderson, PhD Thesis (2002)

M. Ferrario et al., PRL 104, 054801 

(2010)



Beam shaping via laser shaping

Kapchinskii and Vladimirskii, 1959

Luiten et al., PRL 93, 094802 (2004) 53

Pancake: a transversely spherical, ultrashort 

electron beam

Luiten et al., PRL 93, 094802 (2004)

Cigar: a longitudinally parabolic, relatively 

long electron beam

• Transverse expansion

• Much lower emittance (10s of nm)

R. K. Li et al, PRSTAB 15, 090702 (2012)
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Emittance oscillation and compensation in a photo-injector

• slice phase space is rotated and oscillation with rf field, space charge force, solenoid focusing field

• Emittance due to the linear space charge force, rf field, solenoid can be compensated, but it’s not all

• minimum projected emittance achieves when phase space of most of slices are aligned    

Important literatures on 

emittance compensation: 
K.-J. Kim, NIMA 275, 201 (1988)
B. Carlsten, NIMA 285, 313 

(1989)
L. Serafini and J. Rosenzweig, 

PRE 55, 7565 (1997)
S.C. Anderson, PhD Thesis 
(2002)

M. Ferrario et al., PRL 104, 
054801 (2010)

Evolution of normalized RMS 

emittance and RMS beam size 

an electron bunch from the photo-

cathode rf gun, particles near A 

experience different space charge 

force from particles near B 
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Total emittance

• Total emittance of a beam from photo-injector

𝜀𝑡𝑜𝑡𝑎𝑙 = 𝜀𝑡ℎ𝑒𝑟𝑚𝑎𝑙
2 + 𝜀𝑟𝑓

2 + 𝜀𝑠𝑐
2 + 𝜀𝑜𝑝𝑡𝑖𝑐𝑠

2 +⋯

𝜀𝑡ℎ𝑒𝑟𝑚𝑎𝑙 : initial emittance from cathode, depended on the emission process, minimum emittance 

which can be achieved  

𝜀𝑟𝑓:  rf field is time varying and kick the beam time dependently, leading to the emittance growth

𝜀𝑠𝑐:  linear space charge forces effects can be compensated by solenoid; non-linear space charge 

forces leading to emittance growth; pulse shaping, high gun gradient are very helpful.  

𝜀𝑜𝑝𝑡𝑖𝑐𝑠: Aberrations of magnetic lenses
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P
h

o
to

c
a

th
o

d
e

s

Ez (~5-120 MV/m)

laser

𝜎𝑥

e-

e-

e-
ℬ4𝐷 ∝ 𝑓𝑒

𝑁

𝜎𝑥 ∙ MTE
2

4D beam brightness

Mean Transverse Energy MTE =
1

2
𝑚𝑣2

for pancake (A>>1) beam, where aspect ratio

for cigar shape (A<1) beam

PRL 102, 104801

PRAB 17, 024201

Performance limit of electron sources

ℬ4D ∝ 𝑓𝑒
𝐸𝑧
MTE

ℬ4D ∝ 𝑓𝑒
𝐸𝑧
3/2

MTE

𝜎𝑡

𝜎𝑥
1/2

Preservation of the brightness 𝑓𝑒
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Future 

electron 

sources 

Lower MTE 

𝐸𝑧 , Higher

gradient 𝑓𝑒 , Brightness

preservation

Strategy to generate brighter beams

New materials

Surface processing

DC vs rf, higher frequency

Local enhancement

New cathode material

Cooling

Tuning laser wavelength

Cathode by design

Emittance compensation

Beam shaping

Aberration control 

Precise characterization
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Typical guns for accelerators
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High voltage gridded thermionic cathode electron gun 

参数名称 数值 单位
宏脉冲电荷量 0.5~10 nC

束流脉冲半高全宽 ≤1.0 ns
束流脉冲底宽 ≤1.6 ns

非归一化4*RMS发射度 ≤30 µm∙rad
阴极高压 ≥150 kV

高压稳定度 ≤0.5 %
重复频率 50 Hz
工作模式 单脉冲 -

Maximum gradient at surface:~12.5MV/m
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Thermionic gun for low emittance beam(SACLA injector)



62Only 1-ns cut by chopper Normalized emittance 0.4 μm 

Thermionic gun for low emittance beam(SACLA injector)
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DC Pulsed NC RF CW NC RF SRF

Cathode 

environment
Good vacuum, cold Worse vacuum, hot Worse vacuum, hot Good vacuum, cold

Gradient <10 MV/m ~100-120MV/m 20(35) MV/m ~20(40) MV/m

Energy <0.5 MeV 5MeV 0.75(1.5-2) MeV >2 MeV

Main challenge
Limited gradient and 

energy
Limited repetition

Heat load, operation 

reliability

cavity-cathode joint, 

cavity contamination

high brightness photocathode guns
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Cornell photocathode DC gun

•High QE cathode to minimize laser heating 

•GaAs cathode, require ultra high vacuum at 10-12 mbar 

•Smooth electrode surfaces to minimize field emission 

•Need reliable HVDC power supply and insulator design 

•Low beam energy, need more complicated injector design. 
•Capability to provide sub-m, few hundred pC beam has been demonstrated. 

•Stable operation at ~ 400 kV 
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The PITZ gun

1.Igor Isaev, “Stability and Performance Studies of the PITZ Photoelectron Gun”, University of Hamburg dissertation (2017) 
http://bib-pubdb1.desy.de/record/400083/files/Igor%20Isaev%20Thesis%202017%20final%20for%20publishing.pdf 

• operating frequency @ 1300 MHz 
• Cs2Te cathode delivers 0.001 – 4 nC bunch 

charge 
• Beam mean energy 6.5 MeV 
• Number of electron pulses in bunch train < 800 
• Macro pulse repetition rate 10Hz 
• Bunch rep.-rate 10kHz 
• Average beam current 32 A max. 
• Optimized emittance < 0.9 m 
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1.6 Cell S-band high gradient photocathode gun

BNL-type gun SLAC LCLS gun

• operating frequency @ 2856 MHz 
• High gradient, 100-120MV/m with beam 

energy >5MeV
• Widely used for high brightness electron 

beam accelerator, XFEL, ICS, UED, et al.
• copper cathode delivers sub-nC bunch charge 
• Cs2Te cathode also widely used for long term 

operation
• Macro pulse repetition rate ~10-100Hz 
• Optimized emittance < 0.9 m @1nC
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High vacuum S-band gun at Tsinghua

• Special vacuum design based on the normal S-
band RF gun

• High gradient, ~100MV/m
• good vacuum, <5x10-8pa operation pressure
• Operate successfully  with semi-conducting 

photocathode such as Cs2Te, K2CsSb 



68

NC CW VHF RF gun

LCLS-II produced first beams in May 2019

APEX now dedicated for high rep-rate UED

https://www6.slac.stanford.edu/news/2019-05-30-slac-

fires-electron-gun-lcls-ii-x-ray-laser-upgrade.aspx

https://newscenter.lbl.gov/

2016/04/26/electron-eye/

• CW operation with 100uA (100pC/1MHz) in SHINA,DALS, 
and 3mA successfully are generated in Zjlab.

• Cathode gradient: ~20-30MV/m, ~750kV

• Main Challenge: huge heat load (80-100 kW) and related -
material, mechanical, vacuum, lifetime of components etc.

SHINE gun DALS gun ZjLab gun

https://www6.slac.stanford.edu/news/2019-05-30-slac-fires-electron-gun-lcls-ii-x-ray-laser-upgrade.aspx
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ELBE 1.3 GHz, 3-1/2-cell SRF Gun 

• 1.3 GHz, 3-1/2-cell SRF cavity; 16 MV/m in CW mode; 21.5 MV/m 

for pulsed rf. 

• LN2-cooled Cs2Te cathode with rf choke to prevent RF leakage. 

• Repetition rate of laser system up to 13 MHz. 20 pC bunch charge. 

• Beam energy at 3 MeV in CW mode; 4 MeV in pulsed rf mode. 
• 1 m/mm beam transverse emittance; energy spread 24 keV. 
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The Peking University Hybrid Gun 

2nd-generation DC-SRF gun,

DC-SRF-II (2017~)

▪ Stable CW operation achieved (2023)
High-brightness beam test @ 1 MHz

High average current test @ 81.25 MHz

Widely tunable current (nA ~ mA)

▪ Joint operation with SRF linac at 10 MeV, 

1 mA, 10% duty factor (2024)

▪ DC @ 100 kV; 1.5-cell SRF cavity with 

𝑬𝐳,𝐦𝐚𝐱 ~22 MV/m

▪ K2CsSb cathode, 515 nm laser + shaping

High performance CW operation

DC + SRF

0.54 mm-mrad 0.28 mm-mrad

Maximum average beam current ~3

mA; maximum beam power ~5.1 kW

CW operation test at 81.25 

MHz 
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homework

1、Calculate the normalized thermal emittance of a thermionic cathode with cathode temperature T

2、the work function of a photocathode is 4.2eV, is it possible to get photonic emission when a 400nm laser 
shining on this cathode? If 100MV/m electric field is applied  in the gun,  the Schottky effect will suppress the 
barrier, is it possible to get photonic emission with the same laser? 
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