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Outline
• Where do electron beams come from and why do we want to build an SRF gun?
• The essential components of an SRF gun and how to make the right choice of the components.
• Overview of the existing SRF guns.
• Case Study: BNL 113 MHz SRF gun.
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Photoinjector

Electron	beam

Where do electron beams come from?

Cathode

The photoelectric effect is the emission of electrons when electromagnetic 
radiation, such as light, hits a material. Electrons emitted in this manner are 
called photoelectrons.

Quantum efficiency (QE) is a ratio of the number of electrons emitted to the 
number of incident photons.

<latexit sha1_base64="74f5SFLT3eIQLQwmngKcFjhCwwo="></latexit>

QE =
number of emitted electrons

number of incident photons

The EMTE is the mean of the squared momentum 
in a direction along the photocathode's surface.

<latexit sha1_base64="wcSj0LkdSwPMCOgWDRtVDjN0RYY=">AAACFHicbVDLSgNBEJz1bXxFPXpZDIIghN0g6kUQJeBFiGBUSOIyO+nVwZndYaZXDMN+hBd/xYsHRbx68ObfOIk5+CpoKKq66e6KleAGg+DDGxkdG5+YnJouzczOzS+UF5dOTZZrBk2WiUyfx9SA4Ck0kaOAc6WByljAWXx90PfPbkAbnqUn2FPQkfQy5QlnFJ0UlTfqkW0j3KKW9uikXhS77URTZpWTFWhVXNQKW5ORhaKIypWgGgzg/yXhkFTIEI2o/N7uZiyXkCIT1JhWGCjsWKqRMwFFqZ0bUJRd00toOZpSCaZjB08V/ppTun6SaVcp+gP1+4Sl0piejF2npHhlfnt98T+vlWOy07E8VTlCyr4WJbnwMfP7CfldroGh6DlCmebuVp9dURcKuhxLLoTw98t/yWmtGm5VN483K3v7wzimyApZJeskJNtkjxySBmkSRu7IA3kiz9699+i9eK9frSPecGaZ/ID39gmJc5/G</latexit>

EMTE =
p2?
2me
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Where do electron beams come from?

Cathode

Photoinjector

Electron	beam
Photocathode + Laser + Accelerating Cavity = Photoinjector
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What are our goals in designing an electron gun?
Beam charge:
the value of the electric field at the surface of the photocathode,  , defines the maximum charge density,   , 
of the generated electron bunches. 

<latexit sha1_base64="HOhEfjCXr44AnKh1cUxL2g5VMhk=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyURUY9FETxWsB/QhrLZTtulu0nYnYg15Jd48aCIV3+KN/+N2zYHbX0w8Hhvhpl5QSy4Rtf9tgorq2vrG8XN0tb2zm7Z3ttv6ihRDBosEpFqB1SD4CE0kKOAdqyAykBAKxhfT/3WAyjNo/AeJzH4kg5DPuCMopF6dvmml3YRHlHJFGSW9eyKW3VncJaJl5MKyVHv2V/dfsQSCSEyQbXueG6MfkoVciYgK3UTDTFlYzqEjqEhlaD9dHZ45hwbpe8MImUqRGem/p5IqdR6IgPTKSmO9KI3Ff/zOgkOLv2Uh3GCELL5okEiHIycaQpOnytgKCaGUKa4udVhI6ooQ5NVyYTgLb68TJqnVe+8enZ3Vqld5XEUySE5IifEIxekRm5JnTQIIwl5Jq/kzXqyXqx362PeWrDymQPyB9bnD44Hk7A=</latexit>

Eem
<latexit sha1_base64="ewDXALEmqnRDMxlpjdYfO2t7Sq8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDy2rtvlap3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPn02PLA==</latexit>�

<latexit sha1_base64="D+Nqw/KdWUmsg1upqzuSC05STOc=">AAACDnicbVA9SwNBEN3z2/gVtbRZDIJVuJOgNoIogmUEkwi5EPY2c8mS3btjd04Mx/0CG/+KjYUittZ2/hs3H4UmPhh4vDfDzLwgkcKg6347c/MLi0vLK6uFtfWNza3i9k7dxKnmUOOxjPVdwAxIEUENBUq4SzQwFUhoBP3Lod+4B21EHN3iIIGWYt1IhIIztFK7eOAb0VWMnlE/1IxnV+3MR3hArTJQeZ5nFT8RebtYcsvuCHSWeBNSIhNU28UvvxPzVEGEXDJjmp6bYCtjGgWXkBf81EDCeJ91oWlpxBSYVjZ6J6cHVunQMNa2IqQj9fdExpQxAxXYTsWwZ6a9ofif10wxPG1lIkpShIiPF4WppBjTYTa0IzRwlANLGNfC3kp5j9lY0CZYsCF40y/PkvpR2TsuV24qpfOLSRwrZI/sk0PikRNyTq5JldQIJ4/kmbySN+fJeXHenY9x65wzmdklf+B8/gALYZzH</latexit>

� =
Eem
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Beam emittance (𝜺) – measure of the area occupied by a beam in phase space.

Normalized emittance (𝜺𝒏): 
<latexit sha1_base64="nEHSKWBdHImIKrVQ3fVUJLrJfeE=">AAACD3icbVC7SgNBFJ31GeMrammzGBSrsCtBbYSgjWUE84BsCHcnN8mQmdllZjYQlvyBjb9iY6GIra2df+PkUcTEAwPnnnMvd+4JY8608bwfZ2V1bX1jM7OV3d7Z3dvPHRxWdZQoihUa8UjVQ9DImcSKYYZjPVYIIuRYC/t3Y782QKVZJB/NMMamgK5kHUbBWKmVOwsGoDDWjNsqlaObuTroghAQhGiglct7BW8Cd5n4M5InM5Rbue+gHdFEoDSUg9YN34tNMwVlGOU4ygaJxhhoH7rYsFSCQN1MJ/eM3FOrtN1OpOyTxp2o8xMpCK2HIrSdAkxPL3pj8T+vkZjOdTNlMk4MSjpd1Em4ayJ3HI7bZgqp4UNLgCpm/+rSHiigxkaYtSH4iycvk+pFwb8sFB+K+dLtLI4MOSYn5Jz45IqUyD0pkwqh5Im8kDfy7jw7r86H8zltXXFmM0fkD5yvX82Yncc=</latexit>

"n = "��

We want to minimize the emittance of our electron beam!

Example: for the new generation XFELs we want 100 pC, 8 ps bunches with 𝜀𝑛<0.4 mm-mrad!
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What are our goals in designing an electron gun?
Beam emittance:
emittance of the beam extracted from a photoinjector depends on the value of the electric field at the cathode at 
the moment of emission,        , and the bunch shape: 

<latexit sha1_base64="HOhEfjCXr44AnKh1cUxL2g5VMhk=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyURUY9FETxWsB/QhrLZTtulu0nYnYg15Jd48aCIV3+KN/+N2zYHbX0w8Hhvhpl5QSy4Rtf9tgorq2vrG8XN0tb2zm7Z3ttv6ihRDBosEpFqB1SD4CE0kKOAdqyAykBAKxhfT/3WAyjNo/AeJzH4kg5DPuCMopF6dvmml3YRHlHJFGSW9eyKW3VncJaJl5MKyVHv2V/dfsQSCSEyQbXueG6MfkoVciYgK3UTDTFlYzqEjqEhlaD9dHZ45hwbpe8MImUqRGem/p5IqdR6IgPTKSmO9KI3Ff/zOgkOLv2Uh3GCELL5okEiHIycaQpOnytgKCaGUKa4udVhI6ooQ5NVyYTgLb68TJqnVe+8enZ3Vqld5XEUySE5IifEIxekRm5JnTQIIwl5Jq/kzXqyXqx362PeWrDymQPyB9bnD44Hk7A=</latexit>

Eem

Pancake-shaped beam Cigar-shaped beam
<latexit sha1_base64="WwuNLhhiPAfd1STh5UvQ6i6IyjU="></latexit>

"n /
r
q
EMTE

Eem

<latexit sha1_base64="xHq0596Pz3ntbMpKpGH5ZA73yxk="></latexit>

"n /
p
EMTE

Eem

⇣ q

�t

⌘2/3

<latexit sha1_base64="keVRKCG/J7D+BL3kz4T4U501pGg=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrRT0WvXisYD+gXUo2nbah2eySZAtl6T/x4kERr/4Tb/4b03YP2vpg4OW9GTLzwkRwbTzv2ylsbG5t7xR3S3v7B4dH7vFJU8epYthgsYhVO6QaBZfYMNwIbCcKaRQKbIXj+7nfmqDSPJZPZppgENGh5APOqLFSz3W7E6ow0VzYVyZnpOeWvYq3AFknfk7KkKPec7+6/ZilEUrDBNW643uJCTKqDGcCZ6VuqjGhbEyH2LFU0gh1kC02n5ELq/TJIFa2pCEL9fdERiOtp1FoOyNqRnrVm4v/eZ3UDG6DjMskNSjZ8qNBKoiJyTwG0ucKmRFTSyhT3O5K2IgqyowNq2RD8FdPXifNq4p/Xak+Vsu1uzyOIpzBOVyCDzdQgweoQwMYTOAZXuHNyZwX5935WLYWnHzmFP7A+fwB6C6T2A==</latexit>"n
<latexit sha1_base64="IZTywYQOmLMf5Bsd/7S0Vt6TEzQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN6LjP4=</latexit>q

<latexit sha1_base64="rCnIw/5zX0wzgn+ePYs3cJj+QIc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNRDx4r2A9oQ9lsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1gOOE+xEdKBEKRtFK7e4tl0gJ9soVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5vdOyEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6fOkLzRnKMeWUKaFvZWwIdWUoY2oZEPwFl9eJs2zqndRPb8/r9Su8ziKcATHcAoeXEIN7qAODWAg4Rle4c15dF6cd+dj3lpw8plD+APn8weSY4+t</latexit>

�t

— normalized transverse emittance
— bunch charge
— bunch length

The goal #1 is to increase the electric field at the cathode surface

Space charge:
“self-fields” produced by the electron bunch itself and are responsible for emittance degradation. 

The goal #2 is to accelerate the beam to higher energies fast

<latexit sha1_base64="vEoQfnIdKTJYarp6J+TFYQIkFMY=">AAACCnicbVBNS8NAEN34WetX1KOXaBG8WBIt6rEoiMcK9gOaWjbbbbt0Nxt2J2IJOXvxr3jxoIhXf4E3/43bNgdtfTDweG+GmXlBxJkG1/225uYXFpeWcyv51bX1jU17a7umZawIrRLJpWoEWFPOQloFBpw2IkWxCDitB4PLkV+/p0ozGd7CMKItgXsh6zKCwUhte++qnfhAH0CJRJM09SMlI5B+DwuB75Kjk7RtF9yiO4YzS7yMFFCGStv+8juSxIKGQDjWuum5EbQSrIARTtO8H2saYTLAPdo0NMSC6lYyfiV1DozScbpSmQrBGau/JxIstB6KwHQKDH097Y3E/7xmDN3zVsLCKAYaksmibswdkM4oF6fDFCXAh4Zgopi51SF9rDABk17ehOBNvzxLasdF77RYuikVyhdZHDm0i/bRIfLQGSqja1RBVUTQI3pGr+jNerJerHfrY9I6Z2UzO+gPrM8foi+bfg==</latexit>

Fsc / ��3
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Photoinjector: Option # 1 DC gun

+ Well established, can produce good quality beams.
- Gun voltage is limited to about 0.25-0.4 MV

• Continuous dark current.
• Electrical breakdown.

- Limitations in voltage results in Eem < 10 MV/m.

- Another challenge for DC guns is photocathode
bombardment by ions generated by the electron beam
scattering from residual gas: the ions naturally travel
back to the cathode in the DC electric field. This problem
can be partially mitigated by off-axis generation of the
electron beam.

Let’s switch to RF guns!

Cornell 750 kV DC gun
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Photoinjector: Option # 2 Normal Conducting (NC) RF gun

+ NCRF guns produce high quality beams.

- Presently are delivering accelerating voltage of
~0.75 MV.
- We have to compromise:

• Relatively low repetition rate with high
accelerating gradient.

• High repetition rate with low accelerating
gradient.

Let’s switch to SRF guns!

PITZ 1.3 GHz gun

LBNL 186 MHz 750 kV gun
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Photoinjector: Option # 3 SRF gun
Elliptical ½+ cells:

Quarter Wave Resonator (QWR):

Cathode

Cathode

+ Good vacuum inside Nb cavity at 2K/4K.
+ High accelerating gradients
+ CW operation

? Are high-QE photocathodes compatible with the SRF
environment?
? Can high-QE cathodes survive in an SRF cavity?
? Cryopumping
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Photoinjector: Option # 3 SRF gun
Elliptical ½+ cells:

Quarter Wave Resonator (QWR):

Cathode

Cathode

Drive Laser

Drive Laser

Electron Beam

Electron Beam
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Photoinjector: Option # 3 SRF gun
Elliptical ½+ cells:

Quarter Wave Resonator (QWR):

Cathode

Cathode

Drive Laser

Drive Laser

Electron Beam

Electron Beam Which one to choose?

• QWRs usually operate at lower frequencies:
• elliptical cavities ~1.3-1.5 GHz.
• QWR ~100-200 MHz.

• Lower frequency → reduced RF losses.
• Lower RF losses → relaxed cryostat temperatures:

• elliptical cavities operate at 2 K.
• QWRs operate at 4 K.
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Photoinjector: Option # 3 SRF gun
Elliptical ½+ cells:

Quarter Wave Resonator (QWR):

Cathode

Cathode

Drive Laser

Drive Laser

Electron Beam

Electron Beam Which one to choose?

• QWRs have a shorter accelerating gap
compared to the cavity frequency → higher
transit time factor.

• QWR almost acts as a DC gun – beneficial
for the beam quality.



• Beam parameters depend on the electric field at the 
cathode at the moment of emission:

• Cigar-shaped beam emittance
• Pancake-shaped beam emittance
• Charge density

• Electric field at the cathode at the moment of emission:
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Photoinjector: Option # 3 SRF gun
Elliptical ½+ cells:

Quarter Wave Resonator (QWR):

Cathode

Cathode

Drive Laser

Drive Laser

Electron Beam

Electron Beam Which one to choose?

<latexit sha1_base64="Hzit9Zg70mY1smbvv5zvGpZLWI4=">AAACG3icbVDLSgNBEJyNrxhfqx69LAZBL2E3BPUiiCJ4jGASIQlhdtIxgzOzy0yvGJb9Dy/+ihcPingSPPg3Th5CfBQMVFd109MVxoIb9P1PJzczOze/kF8sLC2vrK656xt1EyWaQY1FItJXITUguIIachRwFWugMhTQCG9Oh37jFrThkbrEQQxtSa8V73FG0Uodt3zWSVsId6hlCjLLjqZqSe+y7LswXGW7rbjP9zpu0S/5I3h/STAhRTJBteO+t7oRSyQoZIIa0wz8GNsp1ciZgKzQSgzElN3Qa2haqqgE005Ht2XejlW6Xi/S9in0Rur0REqlMQMZ2k5JsW9+e0PxP6+ZYO+wnXIVJwiKjRf1EuFh5A2D8rpcA0MxsIQyze1fPdanmjK0cRZsCMHvk/+SerkU7JcqF5Xi8ckkjjzZIttklwTkgByTc1IlNcLIPXkkz+TFeXCenFfnbdyacyYzm+QHnI8vIBajVQ==</latexit>

Eem = Emaxsin(�)

• Phase of emission, φ, is selected to maximize the beam energy 
gain. 

• It depends on the geometry of the RF cavity, accelerating 
gradient Eaccand the RF frequency.

QWR (BNL):
Elliptical (HZDR):
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Photocathode options for SRF guns

Cold cathode

Warm cathode

• Cold cathodes typically have lower QE
• Cathodes have limited lifetime – need a replacement during

operation:
• Cold cathodes can be deposited as a layer of Pb on the

back wall – “infinite” lifetime
• Warm cathodes need to be replaced

• Removable cathodes introduce a risk for RF power
leaking out of the cavity along the cathode channel (i.e.,
the mechanical gap between the cathode and the gun cell
body). For this reason, different kinds of choke filters are
used to keep the rf power inside the cavity.

• Choke filters are complicating the cavity cleaning process.

Which one to choose?
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Photocathode options for SRF guns

Cold cathode

Warm cathode

• Cold cathodes typically have lower QE
• Cathodes have limited lifetime – need a replacement during

operation:
• Cold cathodes can be deposited as a layer of Pb on the

back wall – “infinite” lifetime.
• Warm cathodes need to be replaced.

• Removable cathodes introduce a risk for RF power
leaking out of the cavity along the cathode channel (i.e.,
the mechanical gap between the cathode and the gun cell
body). For this reason, different kinds of choke filters are
used to keep the rf power inside the cavity.

• Choke filters are complicating the cavity cleaning process.

Which one to choose?



16

Preventing RF power leak
RF choke filter:
• Resonant choke filter is needed to prevent the RF

power leak.
• It surrounds the cathode and prevents the RF

power from leaking out of the cavity. In this manner
it works as a bandpass filter.

• Band-stop/band-rejection/notch filter is a filter that
passes most frequencies unaltered but
attenuates those in specific range to very low
levels.

RF choke cell:
• The operation of the choke-cell is the same as quarter

wave choke filter with similar S21-parameter distribution.
• Advantages of choke-cell:

• Better cleaning possibilities.
• Less probable and less stable multipactor

discharge.
• Tuning procedure is simpler and can be realized

with well-developed SRF cell tuners.

RF choke filter

RF choke cell
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Photocathode options for SRF guns

Cold cathode

Warm cathode

Warm cathode 
outside + DC gap
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Photocathode options for SRF guns

Cold cathode

Warm cathode

Warm cathode 
outside + DC gap
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Current status of SRF guns worldwide

As of now:

2 SRF guns are in routine operation
4 SRF guns are in R&D stage
1 SRF gun is at the early stage of design

Different approaches are utilized:

DESY: elliptical cavity with SC cathodes
HZDR, KEK, HZB: elliptical cavities with NC cathodes in choke filter 
PKU: elliptical cavity with NC cathodes in DC module
BNL, SLAC: QWR with NC cathodes and choke filter 
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Current status of SRF guns worldwide
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BNL 113 MHz SRF gun
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BNL 113 MHz gun anatomy
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BNL 113 MHz gun anatomy
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BNL 113 MHz gun anatomy
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BNL 113 MHz gun anatomy
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BNL 113 MHz gun anatomy
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113 MHz SRF gun with warm CsK2Sb photocathode
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Cathode insertion system
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Fundamental Power Coupler (FPC)/ Frequency Tuner

• Fundamental RF power coupling and fine frequency tuning is accomplished via a coaxial beam pipe and the 
beam exit port.        

• With the travel of ±2 cm, the tuning range is ~6 kHz. 
• The center conductor and RF windows are water-cooled. The outer conductor copper coated bellows are air-

cooled. 
• The center conductor is gold-plated to reduce heat radiated into the SRF cavity.
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Cathode Stalk Design
• The stalk is shorted at one end and is approximately half wavelength long.
• A step from the short creates an impedance transformer → reduces RF losses in the stalk from ∼65 W to ∼25 W.
• The gold plating reduces radiation heat load from the stalk.
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Controlling cathode recess        initial focusing of the beam
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Issues with multipacting during the first years of operation!
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Definition of multipacting
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Definition of multipacting
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Definition of multipacting
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Definition of multipacting
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Definition of multipacting



38

Multipacting Simulations



39

Overcoming multipacting: equivalent cavity model
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Example of Cavity Turn On Attempt with Strong MP
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Performance Summary
Good emittance, long cathode lifetime, high bunch charge!

QE map after 1 month of operation

Before After
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What did we learn?
• RF guns have demonstrated reliable performance in routine operation. 
• Current designs have the potential to reach the high brightness requirement of modern XFELs and high 

average current for ERL. 
• There are still unanswered questions to be investigated: 

• Proper cathode solution is a key for the successful gun operation
• Improved cavity gradient is pursued
• High-QE long lifetime cathodes are a must
• Effort on lowering the beam emittance: retracted cathode, higher field at the cathode 



43

Thank you for listening!


