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Abstract
We report the characteristics and performance of the

UCLA S-band compact electron accelerator, consisting of a
high brightness, 8 cm long, photo-injector with a copper
cathode, followed by a 42 cm long plane wave transformer  
accelerating structure, delivering a beam energy of 10 MeV.
The photo-electrons are produced by a 266 nm laser pulse  of
less than 4 ps in duration.  Over time the laser induced electron
emission decreases and the emission from the cathode surface
becomes structured.  Measurements of the quantum efficiency
for Cu before and after this degradation are presented along
with images of the non uniform electron emission.  

I. INTRODUCTION
The UCLA S-band compact electron accelerator [1] is

designed to produce a high brightness beam for experiments in
beam-plasma interactions [2] and the generation of coherent
radiation [3].  The 4.5 MeV photoinjector is a copy of the
original BNL photoinjector with removable photocathode [4],
while the main accelerating section is a previously untested
structure called a plane wave transformer (PWT) [5].  Because
this accelerator is to be used for conducting experiments in a
small university laboratory, emphasis in the accelerator design
was placed on compactness, reliability and ease of operation.
It was with these goals in mind that copper was chosen as the
photocathode material.

Neither initial operation of the UCLA photoinjector in
1993 [1] nor the Brookhaven photoinjector [6] indicated any
problems with the use of copper photocathodes.  It was
presumed that copper would be a robust material for which
neither special handling nor special vacuum requirements
would be necessary.  However, our most recent results which
were obtained under rf fields of up to 100 MV/m and in
vacuum of < 3×10-7 Torr, indicate that the copper cathode
surface can be poisoned.  The electron emission was not only
reduced but also became highly structured.  This structure
results from non uniform emission from the cathode surface

which causes beam degradation and limits the beam brightness.

II. EXPERIMENTAL SETUP
The accelerator layout is depicted in Fig. 1.  The Cu

photocathode is placed at the endwall of the 1/2 cell in a 1 1/2
cell rf gun.  A pair of solenoids is used to transport the beam
to the various beam diagnostics and PWT linac while
maintaining a zero magnetic field at the cathode surface.  

For single photon photo-emission, the photon energy
must exceed the work function of Cu (4.65 eV)[7].  The
photoinjector drive laser produces < 4 ps laser pulses at 266
nm (4.66 eV) with up to 300 µJ/pulse.  This is accomplished
using chirped pulse amplification and compression of a mode-
locked YAG laser and frequency upconverting using two KD*P
doubling crystals.  The laser is injected at 3° from normal
incidence to the cathode by a mirror which is mounted in
vacuum slightly off of the beam axis.

The electron charge is measured with two independent
diagnostics, a Faraday cup and an integrating current
transformer (ICT).  Both these diagnostics agree with each
other to within 10%.  However, because the Faraday cup
collects significant amounts of dark current (>5 nC), the ICT
is used to measure the photo-induced charge per pulse with less
than 10% dark current background.  A dipole spectrometer is
employed to measure the beam energy from both the
photoinjector and the PWT linac, while phosphor screens
enable verification of the beam position and facilitate the
measurement of the beam profile.  To fully characterize the
beam quality, a venetian blind pepperpot can be inserted for
measuring the beam emittance.  

Two different Cu cathodes were tested.  The first was a
commercially polished cathode purchased from Spawr
Industries.  It was polished to λ/4 at .6 µm flatness and 40/20
scratch and dig.  The second cathode was hand polished at
UCLA down to 0.3 µm diamond grit size.  

III. EXPERIMENTAL RESULTS
A. Commercially polished cathode.

The Spawr cathode was installed in late August, 1994 and
rf conditioning continued for 3 months while the PWT was
commissioned.  Rf breakdown was observed throughout the
conditioning process during which the rf power was increased
in steps until the occurrence of rf breakdown events reached a
prescribed limit of less than three consecutive rf breakdowns
and less than a 1% occurrence of breakdown events over a 15
minute interval.  When the frequency of breakdown events fell
below this limit the rf power was increased until the number
of breakdown events once again approached this level.  Using
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FIG. 1  Schematic diagram of the UCLA accelerator.
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FIG. 1  Schematic diagram of the UCLA accelerator.

this guideline the rf power was slowly increased until an input
power of 5 MW achieved.

In early December the rf power was raised up to 7 MW
and the first quantum efficiency (QE) measurements were
made.  These resulted in QE up to 1×10-4 which is greater
than the typical value for Cu in low electric fields (QE = 1•10-
5 [8]). The QE was measured as a function of rf power (Fig. 2)
and showed an increase in QE with increasing rf power in
agreement with Schottky reduction of the work function from
large electric fields present at the cathode surface (> 50MV/m).

During the month of December the rf gun and PWT linac
were run consistently and measurements of the full beam
energy and energy spread were made as a function of rf phase
between the photoinjector and the PWT linac.  The highest
beam energy observed was 10.5 MeV with 3.5 MeV electrons
produced at the rf gun, indicating an energy gain of 7 MeV
from the PWT linac.  As expected, the phase setting which
yielded the highest energy also produced the lowest energy
spread which was measured to be ≈0.3 %.  The energy spread
as a function of injection phase was fit to PARMELA
simulations with electron bunch length as the fit parameter
from which a bunch length of ≈ 5 ps was inferred.  The details
of these measurements are presented in [5].  Finally, the QE
was remeasured in late December and resulted in values within
10% of those measured earlier that month.

In mid January, we noticed that the electron beam had
developed severe structure and the solenoid currents were set to
image the electron emission from the cathode surface.  An
image of this emission is depicted in Fig 3(a).  Due to this
beam structure, the emittance measurement using a venetian
blind type of pepper pot could not be performed, so a quad scan
was used to measure the emittance of a low charge beam (< 10
pC) at 10 MeV.  The measured normalized emittance was 6 π
mm-mrad.  After this change in cathode emission, the QE was
again remeasured and we found that it had dropped by a factor
of 3.

We discovered that by keeping the gun under vacuum
without rf power for a few days, the QE would recover to a
level of 2.6×10-5 (still below the levels recorded in
December).  This level could be maintained for many hours as
long as the rf power level was maintained below 6 MW.
However, once the rf power was increased to 7 MW the QE
deteriorated quickly.  In just 7 hours the QE dropped from
2•10-5 to 1×10-5, a factor of 2.  This test was done with the
gun vacuum isolated from the rest of the beamline which is
typically maintained at slightly higher pressures (1×10-6).  A
residual gas analyzer was used to measure the primary
contaminates of the vacuum system which were H2O, H2, N2,
O2, Ar and CO2 in order of decreasing partial pressure.  

In an attempt to increase the QE, the cathode surface was
damaged using the focused UV laser beam.  The laser was
focused to a 200 µm spot and an array of 5 by 5 damaged spots
was created at the cathode center.  It was expected that further
reduction of the work function could be achieved through the
Schottky effect with enhanced electric fields at the surface due
to the microprotrusions created by the laser damage.  In the
initial operation of the rf photoinjector in 1993, QE of 1×10-4
were routinely measured from a damaged Cu photocathode and
no QE degradation was ever observed [1].  However, on the
Spawr cathode, the damaged areas did not produce any change
in the QE and the recovery and degradation of the QE continued
as described above.

This cathode was then removed from the gun and the
surface was imaged using a SEM.  Fig. 3(b) depicts surface
structure which covers the cathode surface except in the laser
damaged area.  This structure may be the cause of the
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FIG. 2.  QE dependence on input rf power to photoinjector.
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FIG. 3.  Spawr Cathode images.  (a) Electron beam emission
from the cathode surface.  (b) SEM micrograph of cathode
surface after running in the rf gun.

nonuniform emission shown in Fig 3(a).  The light colored
areas show a fractal growth pattern at the edges.  This seems
typical of a contamination growth on the cathode surface from
residual gasses which is facilitated by the field emitted
electrons.  

Electron micrographs of different types of surface damage
produced by laser damage and rf breakdown are shown in Fig.
4.  The laser damage typically produces larger scale structures
formed from molten copper while the rf damage shows a
smaller more symmetric structure.  

B. Hand polished cathode.

Following the removal of the commercially polished
cathode, a second Cu cathode, was prepared at UCLA.  It was
machined from OFHC Cu using "Marvel's Mystery Oil" as
lubricant.  The cathode surface was then polished starting with
wet 600 grit sand paper and working down to .3 µm diamond
grit.  The polishing was done by hand until no surface feature
was larger than 1 µm.  The cathode was stored in methanol
until installation in the rf gun.  This cathode was also tested in
a dc gun prior to installation in the rf gun and a QE of 1×10-5
was measured  [8].

During the cathode installation, the rf gun was back filled
with nitrogen and maintained at the operating temperature of

55° C.  Once vacuum of better than 1×10-7 was achieved, the
rf conditioning was started.  Within a few hours rf power
levels of 5 MW where achieved with practically no signs of rf
breakdown.

The QE was immediately measured to be 3.3×10-5 at an rf
power level of only 4 MW.  Based on the previous
measurements made in December, this would imply a QE of
5×10-5 at 7 MW.  Furthermore, the beam showed no
indication of beam structure.  

Two days later, following less than 8 more hours of
conditioning which was characterized by minor breakdown in
the gun,  rf power levels of 6 MW were attained.  The QE was
again measured and resulted in a reduction from the previous
value of more than a factor of 2 to 1.5×10-5.  When this beam
was imaged, once again beam structure became evident
although not as severe as before. (see Fig 5(a))  Because the
beam structure was less pronounced, the beam emittance could
be measured and resulted in normalized emittances between 5
and 12 π mm-mrad with a beam charge of only 250 pC.  Even
this beam, however, was not cleanly focused on the slits and
therefore the emittance values are most likely a lower bound to
the whole beam emittance.

Following the beam quality measurements, this cathode
was removed from the rf gun and immediately taken to the dc
gun test stand for QE measurements.  The QE measurements
did not indicate any change in QE, again measuring 1×10-5
and also did not show any indication of structure on the
cathode surface.  When electron micrographs of this cathode
were made, almost no structure was seen on the surface (see
Fig. 5(b))

IV. CONCLUSIONS
 The electron emission from a copper photocathode in a rf

photoinjector appears to degrade in time, however, more
careful and detailed study is necessary to understand the
interaction of the copper surface with both the large rf fields
and the UV laser pulses present in rf photoinjectors.
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FIG. 5.  Hand polished copper cathode.  (a) Electron beam
emission from the cathode surface.  (b) SEM micrograph of
cathode surface after running in the rf gun.
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Outline

A story in three parts: 
• Source requirements for beam driven plasma wakefield based 

collider concepts 
• Beam driven plasma based high-brightness injectors 
• Challenges operating FACET-II Photoinjector > nC/bunch
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Great Desire for Access to High Energy Beams

High energy particle accelerators are the ultimate microscopes 
• Reveal fundamental particles and forces in the universe at the energy frontier 
• Enable x-ray lasers to look at the smallest elements of life on the molecular level

4M.J. Hogan – P3 2021, November 11, 2021

Extremely high fields in  
plasmas have doubled the 

energy of the 3km SLAC linac 
in just 1 meter

~10GeV/m~1GeV/m

Telecom and Semiconductor 
tools used to make an 
‘accelerator on a chip’

~100MeV/m

~"24"cm"

New designs and 
materials push metal 
structures to the limit

Looking for advanced concepts to increase accelerator 
performance by factors of 10-1000



The Scale for a TeV Linear Collider

31 km

Today’s technology LC 
– a 31km tunnel:

Advanced Accelerator Technology LC:

The Luminosity Challenge:

4 km

GeV/m accelerating gradient

5M.J. Hogan – P3 2021, November 11, 2021

…and must do it for positrons too!

High-efficiency



• ‘Cold’ Drive Linac 
• 100µs bunch spacing 
• Tricky delay chicanes

Adli et al (2013) 
SLAC-PUB-15426

Beam Driven Plasma Accelerator Based Collider Concepts – 
Not CDR/TDRs, but Strawman Designs to Focus R&D Priorities 

6M.J. Hogan – P3 2021, November 11, 2021

allow for the counter-propagation distribution of the drive 
beam, the distance between PWFA cells must be equal to 

half of the distance between mini-trains, i.e. 600 ns/2 or 
about 90 m.  

 
Figure 1: Concept for a multi-stage PWFA-based Linear Collider. 

 
Main beam: bunch population, bunches per train, rate 1×1010, 125, 100 Hz 
Total power of two main beams 20 MW 
Drive beam: energy, peak current and active pulse length 25 GeV, 2.3 A, 10 µs 
Average power of the drive beam 58 MW 
Plasma density, accelerating gradient and plasma cell length 1×1017cm-3, 25 GV/m, 1 m 
Power transfer efficiency drive beam=>plasma =>main beam 35% 
Efficiency: Wall plug=>RF=>drive beam 50% × 90% = 45% 
Overall efficiency and wall plug power for acceleration 15.7%, 127 MW 
Site power estimate (with 40MW for other subsystems) 170 MW 
Main beam emittances, x, y 2, 0.05 mm-mrad 
Main beam sizes at Interaction Point, x, y, z 0.14, 0.0032, 10 µm 
Luminosity 3.5×1034 cm-2s-1 
Luminosity in 1% of energy 1.3×1034 cm-2s-1  

Table 1: Key parameters of the conceptual multi-stage PWFA-based Linear Collider. 

 
Properties of the drive and main beam bunches have 

been optimized by particle-in-cell simulations using the 
code QUICKPIC [5,13]. The main beam bunch charge is 
1.0×1010 particles with a Gaussian distribution. A plasma 
density of 1017cm-3 and a drive bunch charge of 2.9×1010 
were chosen to achieve a power transfer efficiency from 
the drive beam to the main beam of 35% with a gradient 
of roughly 25 GV/m.  The drive beam bunch length is 30 
µm while the main beam bunch length is 10 µm and the 
drive-main beam bunch separation is 115 µm. The 
separation between the two bunches must be 
approximately equal to the plasma wavelength. 

The parameters and luminosity at the interaction 
point (IP) were optimized for the high beamstrahlung 
regime, which is inherent to short bunch length colliders 
[6]. The luminosity within 1% of the nominal center-of-
mass energy is 1.3×1034 cm-2s-1

, which is similar to that in 

the International Linear Collider (ILC) design [7].  The 
relative energy loss due to beamstrahlung is about !B = 
30%. The main beam emittances are typical for TeV 
collider designs, and the "-functions at the IP are "x/y = 
10/0.2 mm. These IP parameters are quite close to those 
for CLIC [8]. Previous physics studies for the interaction 
region and detector design, background and event 
reconstruction techniques [9] are all applicable.  

The main beam generation complex could be 
similar to that of the CLIC design with a polarized 
electron source and a conventional positron source. The 
plasma acceleration process maintains beam polarization, 
and would also accommodate a polarized positron beam. 
The damping rings would store multiple trains of 
bunches, one of which would be extracted on each 100 Hz 
machine cycle. The extracted beams would be 
compressed in multi-stage bunch compressors before 

FACET 

Rosenzweig et al (1998)

Seryi et al (2008) SLAC-PUB-13766

• Assume SLC/NLC/ILC/
CLIC made smart choices 
that we can start from for 
main beam and driver

• Focus on the accelerator module 
itself (the plasma) 

• The plasma is a transformer 
• For luminosity – Power efficiency and 

beam quality are critical!
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The parameters and luminosity at the interaction 
point (IP) were optimized for the high beamstrahlung 
regime, which is inherent to short bunch length colliders 
[6]. The luminosity within 1% of the nominal center-of-
mass energy is 1.3×1034 cm-2s-1

, which is similar to that in 

the International Linear Collider (ILC) design [7].  The 
relative energy loss due to beamstrahlung is about !B = 
30%. The main beam emittances are typical for TeV 
collider designs, and the "-functions at the IP are "x/y = 
10/0.2 mm. These IP parameters are quite close to those 
for CLIC [8]. Previous physics studies for the interaction 
region and detector design, background and event 
reconstruction techniques [9] are all applicable.  

The main beam generation complex could be 
similar to that of the CLIC design with a polarized 
electron source and a conventional positron source. The 
plasma acceleration process maintains beam polarization, 
and would also accommodate a polarized positron beam. 
The damping rings would store multiple trains of 
bunches, one of which would be extracted on each 100 Hz 
machine cycle. The extracted beams would be 
compressed in multi-stage bunch compressors before 

FACET 

Rosenzweig et al (1998)

Seryi et al (2008) SLAC-PUB-13766

• Assume SLC/NLC/ILC/
CLIC made smart choices 
that we can start from for 
main beam and driver

• Focus on the accelerator module 
itself (the plasma) 

• The plasma is a transformer 
• For luminosity – Power efficiency and 

beam quality are critical!



Assume SLC/NLC/ILC/CLIC Made Smart Choices That We 
Can Start From For Main Beam and Driver

Normal Conducting PWFA-LC 
• Drive: 3E10, 20 mini-trains, 250 bunches/train, 100 trains/sec 
• Main: 1E10 (1.6nC)/bunch, 125 bunches/train, 100 trains/sec 

Superconducting PWFA-LC 
• Drive: 3E10, CW 300kHz to 1 MHz 
• Main: 1E10, 10-30kHz 

Assumptions 
• Conventional linacs for drive beam energy ~25GeV 
• Bunch compressors for peak current 
• Drive beam 10’s µm emittance 
• Main beam will require damping ring for low emittance

7M.J. Hogan – P3 2021, November 11, 2021

Demanding requirements but within reach of what is already 
in development for XFELs, EIC etc



SWFA	TWO-BEAM	ACCELERATOR	LINEAR	COLLIDER
3TeV	30MW	beam	power	TBA

8

18km	
7.5km	linac 7.5km	linac

15ns
5us

100us

200ms

1s

#1 #2 #20 #21 #40#22 #81 #82 #100

In	pulse	beam	current	=6.5A 
Average	current=9.3uA 
Average	beam	power=13.9MW

0.5nC/bunch/13	GHz	trainMain	Beam	Structure	

Main	Bunch	Shaping	
need	for	efficiency

Courtesy of John Power



THE ARGONNE WAKEFIELD ACCELERATOR FACILITY

9

GARD Test Facility capabilities enable beam-driven wakefield acceleration

Drive RF Photoinjector (65 MeV) 
• 0.1-100nC bunches  
• 600-nC bunch trains (40 J) 

Witness RF photoinjector (15 MeV) 
• Provides two-beam capability 
• Bright beams for low-energy experiments

Argonne Cathode Test Stand (2-4 MeV) 
• Cathode research and diagnostics 
• Physics of high-gradient breakdown 

Experimental Switchyard  
• Highly reconfigurable  
• 6D phase space manipulation

Highly Flexible 
Experimental Switchyard

WITNESS

     DRIVE LINAC

Argonne Cathode Test

Courtesy of John Power



Development of High-Brightness Electron Sources

LCLS Style Photoinjector 
• 100MeV/m field on cathode 
• Laser triggered release 
• ps beams, mm size - multi-

stage compressions & 
acceleration 
- Tricky to maintain beam quality 

(CSR, microbunching…)

10M.J. Hogan – P3 2021, November 11, 2021

RF

UV laser

Electron beam

Plasma Photoinjectors 
• 100 GeV/m 
• fs beams, µm size 
• Promise orders of magnitude 

improvement in emittance 
• Injection from: TH, Ionization, 

DDR, CP…



Simulated Beam Brightness for Plasma Based Injectors

11M.J. Hogan – P3 2021, November 11, 2021

I [kA] εN [nm] 𝜎E [MeV] B [A/m2/rad2]

Ionization 
Injection1

Trojan Horse ~0.3 40 several 1018

Downramp-assisted 
Trajan Horse

~1 20 2.2 1019

Transverse colliding ~0.4 8.5/6 0.2, 0.012 (slice) 1019

Two-color: Longi. ~0.3 50 1~2 1017

Two-color: Trans. ~0.03 60 1, 0.03 (slice) 1016

Downramp 
Injection2

Laser (1019 cm-3) ~10 10 0.3 1020

Beam (2.8e18 cm-3) ~10 30 0.5 1019

Beam (1020 cm-3) ~10 4 0.2 1021

Evolving Beam 
injection (1019 cm-3)

~10 10 0.5 1020

1B. Hidding, et al., PRL 108, 035001 (2012); A. Knetsch, et al., arXiv:1412.4844v1; F. Li, et al., PRL 111, 
015003 (2013); L. L. Yu, et al., PRL 112, 125001 (2014); X. Xu, et al., PRST-AB 17, 061301 (2014). 
2FACET-II Proposal V6 (2013); X. Xu, et al., PRAB 20, 111303 (2017); T. Dalichaouch, et al., PRAB 23, 
021304 (2020).



Development of High-Brightness Plasma Injectors: 
Experiments @ FACET-II

Demonstrated @ FACET 
Normalized Emittance: 

• 1.5 mm-mrad  
Bunch Charge & Duration: 

• 20pC & 100fs 
Energy & Energy Spread: 

• 0.5 GeV with 2%

12M.J. Hogan – P3 2021, November 11, 2021

Plasma Photocathode

Proposed @ FACET-II 
Normalized Emittance: 

• 0.01 mm-mrad  
Bunch Charge & Duration: 

• 20pC & 20fs 
Energy & Energy Spread: 

• > 1 GeV with 1%

Plasma Photocathode

Nature Physics 2019

• FACET experiments demonstrated concepts 
• Measured beam parameters inline with expected 

values from simulations 
• Experiments at FACET-II will pursue and optimize 

several techniques for generating beams with 
unprecedented brightness

Beam Brightness scales with plasma density. Short FACET-II 
Bunches are a competitive advantage over other facilities.



FACET-II Layout and Beams

13M.J. Hogan – P3 2021, November 11, 2021

Positron Beam Parameter Baseline 
Design

Operational 
Ranges

Final Energy [GeV] 10 4.0-13.5

Charge per pulse [nC] 1 0.7-2

Repetition Rate [Hz] 5 1-5

Norm. Emittance γεx,y at S19 
[μm]

10, 10 6-20

Spot Size at IP σx,y  [μm] 16, 16 5-20

Min. Bunch Length σz (rms) 
[μm]

16 8

Max. Peak current Ipk [kA] 6 12

FACET-II Technical Design Report SLAC-R-1072

Electron Beam Parameter Baseline 
Design

Operational 
Ranges

Final Energy [GeV] 10 4.0-13.5

Charge per pulse [nC] 2 0.7-5

Repetition Rate [Hz] 30 1-30

Norm. Emittance γεx,y at S19 [μm] 4.4, 3.2 3-6

Spot Size at IP σx,y  [μm] 18, 12 5-20

Min. Bunch Length σz (rms) [μm] 1.8 0.7-20

Max. Peak current Ipk [kA] 72 10-200



FACET-II Gun and Laser Input Geometry

14M.J. Hogan – P3 2021, November 11, 2021

• LCLS style Photoinjector, Cu cathode, 266nm laser, 3.8ps FWHM, 5.5mm diameter, gun vacuum 1-2E-10 
• Measure laser energy input to gun vacuum window, at cathode ~75% (Tw~90%, Rm~80%) 
• Charge measured on Faraday cup and BPMs 
• Measured at peak Schottky phase, design phase ~70% peak yield, 10MW, 5.5-6MeV



FACET-II Operation with 2nC/bunch Need QE > 4E-5 
Recall: LCLS Designed for 1nC, Operates at 20-250pC

15M.J. Hogan – P3 2021, November 11, 2021
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‘Today’Gun Commissioning

Accelerator Commissioning

New Cathode & Vacuum Work

History of FACET-II gun cathode QE after laser cleaning



Gun Vacuum Similar to LCLS Gun 
But QE Behavior Suggested Cathode Contamination

• During injector and accelerator commissioning, expect small 
vacuum leaks developed causing rapid (8 hour) QE degradation 

• Large system, lots of pumping and small leaks were not obvious 
until shut off pumps and looked at rate of rise in isolated sections

16M.J. Hogan – P3 2021, November 11, 2021



Looks Easy in PowerPoint but Many Long Waveguide Runs 
Some example areas: VP415 & L0A Input Coupler

17M.J. Hogan – P3 2021, November 11, 2021



After Extensive Leak Checking and Mitigations 
FACET-II Cathode Changed Successfully April 28, 2021

18M.J. Hogan – P3 2021, November 11, 2021

One cathode in the current spare pool (S/N 148), the original cathode in the FACET-II gun (S/
N 146), and the one in ques^on (S/N 147) have all been processed through steps 1, 3, 4, 5, 
and 6. Three addi^onal spare cathodes (S/Ns 119, 120, and 123) have been processed 
through 1, 4, 5, and 6 (no rough machining prior to diamond fly cuang). Of the spares, two 
are installed in CTCs (cathode test chambers) and two are in a vacuum bell jar.  The first 
vacuum firing, step 2, is not done since step 5 accomplishes the same thing. None of the 
cathodes have been plasma cleaned and I don’t think we measured the QE of any of the 
cathodes ager the ASTA test program.

emittance. Similar to the LCLS injector, the drive laser is con!gured
for normal incident injection to the photocathode surface using a
451 in-vacuum mirror.

Like worldwide most metal cathode RF gun systems, the LCLS
and ASTA copper cathodes have to be exposed to the air for the
cathode change due to lack of loadlock systems. The load lock
systems may make systems complicated and also generate
unwanted dark current with the RF contact between the cathode
and cavity body. In addition, the metal cathodes (e.g., copper and
Mg) are relatively less sensitive to the air-exposure than semi-
conductor cathodes for the cathode change. So the loadlock
systems are not implemented in the LCLS/ASTA RF gun systems.

2.1. The cause for low initial QE in the LCLS RF gun

As previously mentioned, the initial QE for the three copper
cathodes installed in the LCLS gun was not reproducible. The !rst
and third (present) LCLS cathodes had unexpectedly very low
initial QE [3–4], about 5!10"6, while the second one had
6.5!10"5 of initial QE as expected, as illustrated in Fig. 1. Lately,
it was realized that both the !rst and third LCLS cathodes were
exposed to pre-cleaning (plasma cleaning) in the test chamber
prior to installation in the RF gun, while the second one did not
have the plasma cleaning process. Table 1 lists the standard steps
to prepare for a cathode before installation in the LCLS RF gun
including the option step 8 for the plasma cleaning. Very low QE
measured in the test chamber drives to proceed to step 8, plasma
cleaning in the test chamber. In the last step, the cathodes have to
be exposed to air for about 3 min for the cathode installation in
the gun due to the lack of loadlock system.

The recent experimental observations at the ASTA RF gun
reveal that the laser-cleaned areas are much more susceptible to
the air exposure than the non-cleaned areas. For these tests the
ASTA RF gun is vented to nitrogen and then exposed to air for

about 3 min to mimic the LCLS cathode change before its vacuum
starts to be pumped down. Fig. 2 (left) and (right) shows the QE
maps before and after the RF gun vacuum venting to air, respec-
tively. Before the RF gun vacuum venting, areas A–H on the
cathode have been cleaned by the intensive laser, while the circled
center area is not exposed to any laser cleaning. In Fig. 2 (left),
bunch charge from areas A–C has been evolved to about 7500
units for a given laser energy, equivalent to 1!10"4 of QE, while
the cathode center area has about 3500 units of the bunch charge
for the same laser energy, equivalent to about 4!10"5 of QE. After
gun vacuum venting, bunch charge productions from the pre-
viously cleaned areas A–H were dropped to 500–1500 units as
shown in Fig. 2 (right), equivalent to about 1!10"5–2!10"5 of
QE, but the QE of the cathode center area still remained
unchanged, at 4!10"5. The experiment demonstrates that the
cleaned or activated surface is susceptible to air-exposure, indicat-
ing that the previous pre-cleaning in the test chamber is the cause
for the very low initial QE measured in the RF gun.

During the ASTA experiments a total of four identical cathodes
are tested with no plasma cleaning prior to the installation in the
ASTA RF gun. As illustrated in Fig. 1, all four ASTA cathodes have
good initial QE in the RF gun ranging from 4!10"5 to 8!10"5.
We conclude that the plasma cleaning process in the test chamber
activates the cathode surface, making it more susceptible to the
subsequent contaminations, e.g., air-exposure for cathode change.
With removal of step 8 in Table 1, high initial QE can be routinely
achieved in the RF gun. Note all QE measurements in the RF gun
are under nominal LCLS gun operating conditions: 301 of RF gun
phase from zero-crossing and about 110 MV/m of peak accelerat-
ing gradient on the cathode.

2.2. QE impact from the high-power RF processing

For LCLS operations all three photocathodes were characterized in
a test chamber prior to the installation in the RF gun. The test chamber
utilizes a broadband UV light source followed by a narrow-band
monochromator to select the desired photon energy. The photoemis-
sion from the cathode under 2.6 kV/m of electric !eld is measured
with a nanoammeter. Fig. 3 shows one example of QE of cathode vs.
photon energy in the test chamber. The QE measured in the test
chamber is typically on the order of 1!10"7 at the desired photon
energy of 4.91 eV (253 nm). The low QE cathodes were then trans-
ferred from the test chamber directly to the ASTA RF gun. The RF
processing may boost QE [3] but it is never quanti!ed how much QE
boost could be. Surprisingly, following high-power RF processing all
four ASTA cathodes in the gun have demonstrated an initial QE
44!10"5, two orders of magnitude higher than in the test chamber.
The calculated QE enhancement from the Schottky effect in the RF
gun, the ratio of QE including Schottky effect to the one without
including Schottky effect, is less than an order of magnitude, as shown
in Fig. 4, for a copper work function between 4.3 and 4.7 eV. The two
orders of magnitude of QE enhancement in the RF gun therefore
cannot be explained by the Schottky effect alone. It is noticed that the
high-power RF operation boosts QE at the ASTA RF gun, as shown in

Fig. 1. Initial QE of cathodes used in the LCLS and ASTA RF guns. The 2nd LCLS
cathode and all 4 ASTA cathodes did not have pre-cleaning (plasma cleaning) prior
to installation in the guns, while the 1st and 3rd LCLS cathodes were processed by
the plasma cleaning in the test chamber.

Table 1
LCLS cathode preparation steps.

Step 1: Cathode braze, dry H2 at 1040 1C
Step 2: Vacuum !re at 650 1C for 24 h
Step 3: Rough machining
Step 4: Diamond "y cut
Step 5: Vacuum !re at 650 1C for 24 h
Step 6: Weld the cathode to "ange
Step 7: Measure QE in the test chamber
Step 8: Plasma cleaning in the test chamber (option)
Step 9: Exposed to air (due to lack of load lock system) for the installation in the gun

F. Zhou et al. / Nuclear Instruments and Methods in Physics Research A 783 (2015) 51–5752

F. Zhou et al. Establishing reliable good initial quantum efficiency and in-situ 
laser cleaning for the copper cathodes in the RF gun, NIM-A 783 (2015)



For 2nC/bunch Operation Need QE ~ 4E-5

• Initial QE of new cathode too low for KPP and Operations  
• Spoke to our colleagues at SLAC LCLS/ASTA, BNL ATF

19M.J. Hogan – P3 2021, November 11, 2021
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Our recipe: 
• Set initial fluence to produce 

minimum detectable vacuum 
rise (~2E-11) 

• Raster over desired cathode 
area (5.5mm diameter), 
horizontal and vertical 

• Measure dark current 
• Measure QE 
• Increase fluence ~10% 
• Repeat 
• Note - with 30Hz laser takes 

six hours per pass

F = 0.22 J/cm2

Laser cleaning is like baking, lots of recipes, some science and a lot done to taste

Additional cleaning up 
to 0.55 J/cm2 has not 
yielded improvement 

in QE



Laser Cleaning Modifies Cathode Surface
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For the LCLS RF gun, if the QE boost doubling from 6!10"5 to
1.2!10"4 was attributed to the work function change, Eqs. (1) and (2)
would indicate the intrinsic emittance should increase by about 18%

Fig. 9. Laser pointing stabilities during the laser cleaning. Laser cleaning fails with
the bad laser pointing.

Fig. 10. Measured intrinsic emittance with different QE following the laser cleaning
at the LCLS. !x is the rms laser spot size on the cathode.

Fig. 11. Image of the copper cathode using white light. The two square areas were
processed by laser cleaning.

Fig. 8. Measured intrinsic emittance before the laser cleaning (left), immediately after the laser cleaning (middle) and the next day after the laser cleaning (right).

Fig. 12. Example of SEM image for the laser cleaned area (1.2 mm!1.2 mm). The
small dips are caused by laser cleaning with 30 mm rms of laser beam rastering
through the cathode surface.

F. Zhou et al. / Nuclear Instruments and Methods in Physics Research A 783 (2015) 51–5756

Attachment 3: Subtraction16thClean.jpg 28 kB Uploaded Sat Oct 22 18:05:34 2016
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ELOG - Gun cathode laser cleaning http://atfelog.atf.bnl.gov:8080/Accelerator/142

3 of 4

Courtesy of Marcus BabzienCurrent LCLS Cathode

BNL ATF Cathode

ï18 ï16 ï14 ï12 ï10 ï8 ï6
2

4

6

8

10

12

14

16

18

x  (mm)

y 
 (m

m
)

Profile Monitor CTHD:IN10:111 27ïAugï2018 14:54:39

ï7 ï6 ï5 ï4 ï3

2.5

3

3.5

4

4.5

5

5.5

6

6.5

x  (mm)
y 

 (m
m

)

Profile Monitor CTHD:IN10:111 05ïAprï2021 18:16:11
Original


FACET-II Cathode FACET-II Cathode

After Laser Cleaning

White light Reflected UV + white light



Next Steps: Laser Wavelength Matters 
Switch FACET-II Laser from 266 to 253nm
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Quantum efficiency and thermal emittance of metal photocathodes

David H. Dowell and John F. Schmerge
SLAC, Menlo Park, California 94025, USA

(Received 2 May 2009; published 27 July 2009)

Modern electron beams have demonstrated the brilliance needed to drive free electron lasers at x-ray

wavelengths with major advances occurring since the invention of the photocathode gun and the

realization of emittance compensation. These state-of-the-art electron beams are now becoming limited

by the intrinsic thermal emittance of the cathode. In both dc and rf photocathode guns details of the

cathode emission physics strongly influence the quantum efficiency and the thermal emittance. Therefore

improving cathode performance is essential to increasing the brightness of beams. It is especially

important to understand the fundamentals of cathode quantum efficiency and thermal emittance. This

paper investigates the relationship between the quantum efficiency and the thermal emittance for metal

cathodes using the Fermi-Dirac model for the electron distribution. We use a consistent theory to derive

the quantum efficiency and thermal emittance, and compare our results to those of others.

DOI: 10.1103/PhysRevSTAB.12.074201 PACS numbers: 07.77.Ka, 52.59.!f, 71.10.Ca, 85.60.Ha

I. INTRODUCTION

In this paper we use the three-step photoemission model
of Puff [1] and Spicer [2,3] to obtain expressions for the
quantum efficiency and the uncorrelated or thermal emit-
tance of metal cathodes. In this model, the first step is the
absorption of the incident photon by an electron described
by the two important phenomena of reflectivity and ab-
sorption as the photons travel into the cathode. The second
step contains the physics occurring while the electron drifts
to the surface. Here the relevant effects are electron-
electron scattering and the angular cone of escaping elec-
trons. In the third step the important phenomena are the
Schottky effect and the abrupt change in electron angle
across the metal-vacuum interface.

Previously we developed analytic expressions for the
quantum efficiency and thermal emittance based on the
three-step model ignoring electron-electron scattering [4].
Further work [5] expanded the quantum efficiency model
to include electron-electron scattering, resulting in excel-
lent agreement with the measured quantum efficiency of an
atomically clean copper surface. Here we apply the same
Fermi-Dirac distribution with the three-step model of pho-
toemission to give a consistent theory of the emittance and
the quantum efficiency. Other recent work [6] generalizes
this basic phenomenological process to give a common
emission theory for thermionic, photoelectric, and field
emission. Here we concentrate on the connection between
quantum efficiency and the photoelectric thermal
emittance.

The derivation for the quantum efficiency (QE) and the
thermal emittance begins with the electron gas theory for
metals and Spicer’s three-step model for photoemission as
illustrated in Fig. 1. In a previous publication [5], we
calculated the QE using this approach using the work
function as the only free parameter. In this model, the

electron is emitted by means of three sequentially inde-
pendent processes: (1) absorption of the photon with en-
ergy @!, (2) migration, including e-e scattering, to the
surface, and (3) escape for electrons with kinematics above
the barrier. Here the same methodology is used to derive
the thermal emittance for metal photocathodes.
In the next section the quantum efficiency is obtained

from Fermi-Dirac statistics for fermions. This is followed
by a derivation of the thermal or photoelectric emittance.
In the last two sections, the relationship between the cath-
ode emittance and the quantum efficiency is discussed for
metallic emitters, and the results are compared with pre-
viously published work.

II. QUANTUM EFFICIENCYAND THE FERMI-
DIRAC MODEL FOR METALS

Being fermions, electrons uniformly fill all energy states
up to the Fermi level, EF, with no more than two opposing
spin electrons per energy state. Therefore electron-electron
scattering below the Fermi level is strongly suppressed due

FIG. 1. (Color) Three-step model of photoemission.

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 12, 074201 (2009)

1098-4402=09=12(7)=074201(10) 074201-1 ! 2009 The American Physical Society

measured at a YAG screen downstream of the solenoid. The
measured beam energy is 5.5 MeV with which the beam is space
charge dominated. Thus, the intrinsic emittance is measured with
very low charge 1–2 pC using the solenoid scan. Fig. 8 shows the
measured intrinsic emittance before the cleaning, immediately
after cleaning, and the next day after the laser cleaning. For the
emittance measurements, the laser spot size on the cathode is
1 mm with about 3 mm offset in x-plane from the cathode center.
The intrinsic emittance is increased immediately following laser
cleaning but the next day the emittance is recovered to the value
before cleaning. High-power RF operation helps to smoothen out
the surface's non-uniformity thereby improving the emittance.
The emittance recovery time at ASTA is only 1–2 days, much
shorter than 2–3 weeks for the previous cleaning at the LCLS. The
reduced laser !uence for the cleaning at ASTA resulted in a better
QE and emittance evolution than the previous laser cleaning at
the LCLS.

Dark current is measured with a Faraday cup, located at about
1.5 m from the cathode. Prior to the laser cleaning the dark current
from the ASTA cathode and gun is lower, o100 pC. With the standard
gentle laser cleaning, no dark current increase is observed at ASTA.
However, !0.5 nC of dark current is observed when the laser energy
for the laser cleaning is intentionally doubled.

3.3. Laser pointing requirement for the laser cleaning

Reasonable good laser pointing stability on the cathode is required
for the application of laser cleaning technique to the cathode cleaning.
The focused laser size for the laser cleaning of the ASTA cathodes was
about 40 mm rms. According to the standard ASTA laser cleaning

procedures, QE starts to increase when the laser energy is increased to
7 mJ with continuous 60 shots for each spot. However, on one test date
the QE did not change at all after laser cleaning, even when the laser
energy was increased to 28 mJ with nominal 60 shots for each spot on
the cathode. Eventually QE was increased through doubling the
number of laser shots for each spot. Later, it was realized that the
laser pointing stability on the cathode was bad during the laser
cleaning, about 10 mm rms or double the normal pointing jitter, as
shown in Fig. 9. The bad laser pointing caused the failure of the laser
cleaning. From this it became clear that melting the cathode surface
needs a certain amount of laser shots at each spot. Unstable laser
pointing signi"cantly reduces the actual laser shots for the same spot.
The laser cleaning worked again with the nominal laser shots, when
the laser pointing stability was recovered to the normal value.
According to the observations, laser pointing stability !!x,y/!x,y is
required better than 10% to make laser cleaning work. This laser
pointing requirement can be met readily for laser user facilities.

3.4. Discussions of physics of the laser cleaning process

Hydrogen cleaning [7] is known as a pure chemical process
through reaction of the hydrogen with surface contaminations.
The chemical process may reduce the work function thereby
increase the photoemission. In the past, laser cleaning had been
considered as a chemical process similar to hydrogen cleaning,
removing surface contaminations thereby reducing the work
function. Therefore, in that picture, laser cleaning may increase
the intrinsic emittance with the reduced work function and the
surface re!ectivity is unchanged. It is noted that analytical
expressions relating QE to work function "w and intrinsic emit-
tance #x can be given by the following equations [8]:
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, where QE($) is the QE dependence

on the laser wavelength; $ is the laser wavelength, R is the cathode
optical re!ectivity, 0.43 for a copper at 253 nm, h% is the photon
energy, about 4.91 eV for 253 nm of wavelength, $opt is the photon
absorption length of 116 Å, $e–e is electron–electron mean-free
path about 22 Å, Ef is the Fermi energy, about 7 eV, "eff is the
effective work function, mc2 is the rest mass energy of electron, E0
is the applied RF electric "eld on the cathode, expressed by
Epeaksin(&) in units of MV/m, Epeak is gun's peak accelerating
gradient, 110 MV/m, and & is the gun phase from zero-crossing,
151 for intrinsic emittance measurement.

Table 2
Laser cleaning parameters for ASTA compared to previous cleaning at the LCLS. The values in parenthesis were used at the LCLS.

Laser cleaning parameters ASTA (LCLS)

Laser pulse length in ps FWHM 1.6 (!3)
Laser size for cleaning in x/y in mm, rms !40 (!30)
Laser shots per spot 60 (120)
Laser wavelength in nm 253 (253)
Laser raster step size in x/y in mm 30 (30)
Base gun vacuum range with RF power off 4'10#10–1.2'10#9 Torr (4'10#10–7'10#10 Torr)
RF power is off during laser cleaning
Multi-round laser cleaning:
- Start with 7 mJ (17 mJ)
- Laser energy for subsequent rounds is increased in 0.5–1 mJ (1–2 mJ)
- Take 3–8 rounds (2–3 rounds) until QE up to 3'10#5–5'10#5

Fig. 7. QE evolution for the areas with and without laser cleaning. Areas A–E are
exposed to the laser cleaning, while the center area is not cleaned by the
intensive laser.
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a b s t r a c t

Establishing good initial quantum ef!ciency (QE) and reliable in-situ cleaning for copper cathode in the
RF gun is of critical importance for the RF gun operations. Recent studies on the SLAC RF gun test bed
indicated that the pre-cleaning (plasma cleaning) in the test chamber followed by copper cathode
exposure to air for cathode change leads to a very low initial QE in the RF gun, and also demonstrated
that without the pre-cleaning good initial QE 44!10"5 can be routinely achieved in the RF gun with
the cathodes of QE o1!10"7 measured in the test chamber. QE can decay over the time in the RF gun.
The in-situ laser cleaning technique for copper cathodes in the RF gun is established and re!ned in
comparison to previous cleaning at the linac coherent light source, resulting in an improved QE and
emittance evolutions. The physics of the laser cleaning process is discussed. It is believed that the
re"ectivity change is one of the major factors for the QE boost with the laser cleaning.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

The linac coherent light source (LCLS) located at the SLAC
National Accelerator Laboratory has been successfully operated for
users for more than 5 years. Its copper-cathode photo-injector has
produced an ultra-low emitance and ultra-fast electron beam for
the x-ray free electron laser (XFEL). Establishing good initial
quantum ef!ciency (QE) 44!10"5 and in-situ cleaning for the
cathodes in the radio frequency (RF) gun is crucial for LCLS injector
system operations. Three identical copper cathodes have been
changed for the LCLS operations but with very different initial QE
values in between 5!10"6 and 5!10"5 in the gun. The lower QE
(o1!10"5) makes the LCLS drive laser system operations dif!-
cult in term of pulse energy and beam pro!le stability. At high
laser power densities, the optical components are readily deterio-
rated resulting in deformation of the laser pro!le on the cathode,
thereby impacting electron beam quality. It is therefore needed to
establish reliable good initial QE 44!10"5 in the LCLS RF gun
through understanding the cause of the non-reproducible QE. In
addition, even with high initial QE, over time the QE can decay so
that the in-situ cleaning of the cathode surface in the RF gun is
also needed for ef!cient operations.

This paper addresses both needs: to establish good initial QE in
the gun and develop gun in-situ cleaning of cathode surface to
maintain good QE during operations. In Section 2, we discuss the
cause of very low initial QE for photocathodes previously installed
in the LCLS gun and then present good initial QE established at the
SLAC's Accelerator Structure Test Area (ASTA) with RF processing.
Section 3 describes systematic studies leading to an improved
laser cleaning procedure, which results in better electron beam
performance than the previous one at the LCLS gun [1]. Section 3
also presents pointing stability requirements for the UV laser at
the cathode surface during the laser cleaning process and dis-
cusses the physics of the laser cleaning. Lastly, the results of this
work are summarized.

2. Establishment of good initial quantum ef!ciency in the RF
gun

An RF gun test bed located at the ASTA has been constructed
and commissioned [2] to study the photocathodes for the support
of LCLS injector cathode operations. The beamline of the ASTA gun
test bed duplicates the existing LCLS injector gun system [3],
consisting of a s-band RF gun to obtain about 5.5 MeV kinetic
energy, a chirp-pulse-ampli!er laser tripled to 253 nm wave-
length, LCLS-type RF gun, a solenoid for emittance compensation,
one pair of magnet correctors, a Faraday cup to measure the bunch
charge, and a YAG screen to measure beam size and intrinsic
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Fig. 5. For a new cathode installed in the ASTA RF gun, the initial QE is
about 3!10"5 for the !rst day of electron beam operation. Then the
QE increases by 50% after a few days of RF operations. It is logical to

assume that the RF processing conditions the cathode by removing
surface contamination. In addition, the measured re"ectivity of the
cathode surface is changed from about 30% in the test chamber prior
to installation in the gun to about 10% after RF processing at the
desired 253 nm of wavelength. In combination with the Schottky
effect, a much higher QE 44!10"5 is observed relative to very low
QE o1!10"7 measured in a test chamber.

The observations are important for understanding and devel-
oping cathode preparation procedures. Even with very low QE
measured in the test chamber (o1!10"7), no extra pre-cleaning
in the test chamber is needed prior to installation in the gun. It is
found that the high-power RF processing in the gun boosts the QE
to mid-10"5 with the Schottky QE enhancement effect from a very
low QE o1!10"7 in the test chamber.

3. In-situ laser cleaning developments at the ASTA RF gun

Laser-based cleaning techniques have been widely used to
clean metal photocathodes, such as copper and Mg, for more than
two decades [5,6]. A high-intensity laser beam, interacting with
the metal cathodes, may ablate the cathode surface, removing
surface contamination and possibly changing the cathode re"ec-
tivity, thereby resulting in a QE increase. However, the laser
cleaning may change QE uniformity across the cathode surface,
thereby changing electron beam emittance, and also generate
unwanted dark current or even deteriorate cathode's crystal
quality, if the laser cleaning process is too aggressive.

The previous laser cleaning was performed for the present LCLS
cathode in July 2011 [1]. The QE was evolved to 1!10"4 from
3!10"5 over a few months following the laser cleaning. Since
then, a QE value of 1!10"4 is essentially unchanged for more
than three years to date for 24/7 users operation. The emittance
was recovered to the normal value within three weeks following
the laser cleaning. Although the previous LCLS laser cleaning was
successful, two major concerns still remained. One concern was
the reproducibility of the laser cleaning for different spots on the
same cathode and for different cathodes. The other was the need
to reduce emittance-recovery time and QE-evolution time follow-
ing the laser cleaning with re!nements of the laser cleaning
process. These concerns are particularly important for the LCLS,
leading to further laser cleaning development at the ASTA.

Fig. 2. QE maps before (left) and after (right) the gun vacuum venting. Before the gun venting, areas A–H are processed by laser cleaning, while the center area is not cleaned by the
intensive laser. Scale to right of each plot indicated units of the bunch charge for the same laser pulse energy. The full scales for the two plots are the same 11.2 mm (x)!8mm (y).

Fig. 3. Typical QE measured in the test chamber prior to installation in the gun. QE
is o1!10"7 at the photon energy of 4.91 eV (253 nm).

Fig. 4. Calculation of QE enhancement due to the Schottky effect for a copper
photocathode with work function varying between 4.3 and 4.7 eV. Schottky
enhancement#QE (including schottky effect)/QE (without schottky effect).
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253nm = 4.91eV

266nm = 4.67eV

Looking for factor of three or more improvement with shift to shorter wavelength



Still New Approaches Being Developed for Cu Cathodes

Intriguing SPARC_lab studies 
• Blue (400nm) 
• Larger energy available 
• Better laser uniformity 
• Less toxic for optics
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Multiphoton Photoemission from a Copper Cathode Illuminated by Ultrashort Laser Pulses
in an rf Photoinjector
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In this Letter we report on the use of ultrashort infrared laser pulses to generate a copious amount of

electrons by a copper cathode in an rf photoinjector. The charge yield verifies the generalized Fowler-

Dubridge theory for multiphoton photoemission. The emission is verified to be prompt using a two pulse

autocorrelation technique. The thermal emittance associated with the excess kinetic energy from the

emission process is comparable with the one measured using frequency tripled uv laser pulses. In the high

field of the rf gun, up to 50 pC of charge can be extracted from the cathode using a 80 fs long, 2 !J,
800 nm pulse focused to a 140 !m rms spot size. Taking into account the efficiency of harmonic

conversion, illuminating a cathode directly with ir laser pulses can be the most efficient way to employ the

available laser power.

DOI: 10.1103/PhysRevLett.104.084801 PACS numbers: 29.25.Bx, 41.75.Ht, 82.50.Pt

Photoemission is one of the fundamental processes in
the physics of the generation of charged particle beams. In
rf photoinjector sources, widely used for free-electron
lasers and advanced accelerator applications, a cathode in
a high field rf cavity is illuminated with photons with
energy higher than the cathode work-function. Under these
conditions, when a bound electron in the cathode material
absorbs a single photon, it can be emitted by the surface,
resulting in a linear relationship (with proportionality con-
stant called quantum efficiency or QE) between the num-
ber of emitted electrons and the incident number of
photons [1,2].

It has long been known that for higher illumination
intensities, charge will be emitted even for sub-work-
function energy photons. The condition in this case is
that n photons have to be absorbed at the same time in
order to promote an electron to an unbound state with
enough kinetic energy to escape the material. The signature
of the n-photon photoemission is the scaling of the emitted
charge as the nth power of the laser intensity [3]. On a log-
log scale, the charge yields (number of electrons per num-
ber of photons) for single and multiphoton emission are
lines with different slopes. Even though the n-photon
process is statistically more rare than the single photon
one, for large enough illuminating intensity, it will be
advantageous to use multiphoton photoemission to extract
the maximum amount of charge from a cathode.

A limit to reaching this crossover intensity could be set
by the damage threshold of the surface. Using relatively
low energy but ultrashort laser pulses allows one to stay
below the damage threshold (a few 100 GW=cm2 for sub-
ps pulses), yet access very high intensities, and hence
achieve relatively large charged particle yields. In doing
this, one must be careful to avoid space charge effects from
the emitted electrons near the surface. The accumulation of

a surface charge layer in the region close to the cathode
eventually leads to the creation of a virtual cathode and
cuts off further emission [4]. This can be avoided by
providing a large extracting field on the cathode to quickly
accelerate away the emitted charge.
In the low field regime, many papers have explored the

subject of multiphoton photoemission from metal cathodes
using short laser pulses [5–8]. The focus of this early work
was on the significant role played by thermal decoupling of
the electron and the lattice after the short pulse excitation.
The total charge yields found in these early experiments
were not impressive as space charge and virtual cathode
effects in the low accelerating field environment set a tight
upper limit to the extractable surface charge density.
Further, up until a few years ago, virtually all rf photo-
injectors were, at least in the design stage, conceived to run
with a relatively long laser pulse !5–10 ps on the cathode
in order to limit the space charge forces and generate high
brightness 1 nC class beams [9,10].
Given these premises, it is not surprising that the com-

mon paradigm to generate high brightness electron beams
with photocathodes has been to frequency upconvert the
available drive laser power to the ultraviolet (uv) to over-
come the work function of the material and emit sizable
beam charge. Depending on the beam applications, metals
(having relatively low QE, typically between 10"5 and
10"4) have often been preferred to semiconductors in
rf photoinjectors for their fast response, durability, and
vacuum compatibility [11].
Recently, due to the favorable brightness scaling, ultra-

short low charge beams have proved to be useful for a
variety of applications like driving free-electron laser [12]
or as structural dynamics probes in ultrafast electron dif-
fraction [13,14]. In this context we, at the UCLA Pegasus
laboratory, have demonstrated a new regime of operation
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Photoemission is one of the fundamental processes that

describes the generation of charged particles from materi-

als irradiated by photons. The continuous progress in the

development of ultrashort lasers allows investigation into

the dynamics of the process at the femtosecond timescale.

Here we report about experimental measurements using two

ultrashort ultraviolet laser pulses to temporally probe the

electrons release from a copper cathode in a radio-frequency

photoinjector. By changing their relative delay, we studied

how the release mechanism is affected by two-photon photo-

emission when tens of GW/cm
2

intensities are employed.

We evaluated the limits it poses on the achievable beam

brightness and analyzed the resulting emission yield in

terms of the electronic temperature by modeling the cath-

ode as a two-temperature system. © 2021 Optical Society of
America

https://doi.org/10.1364/OL.423880

Over the last few decades we assisted with a growing demand
of high-brightness and high-current electron sources for
applications such as free-electron lasers [1], MeV ultrafast
electron-microscopy [2], and advanced plasma-based acceler-
ation techniques [3]. To meet their challenging requirements,
great care is taken on the generation of the electron beams.
Radio-frequency (rf ) photoinjectors have changed the scenario
by enabling unprecedented intense relativistic beams with low
energy spreads and emittances [4]. These beams are emitted
through the photoemission from a cathode illuminated by
a properly shaped laser pulse. The advent of high-intensity
ultrashort lasers enabled also the generation of electrons with
ultrafast time structures by operating in the blowout regime [5],
allowing the realization of uniformly filled ellipsoidal distri-
butions [6]. Large intensities, however, can enable nonlinear
processes like multiphoton photoemission [7] and put some
constraints on the maximum achievable beam brightness.

Here we report about experimental measurements where two
ultrashort ultraviolet (UV) lasers with subpicosecond duration
are used to investigate the photoemission mechanism of a cop-
per photocathode. The measurements have been performed
with the SPARC_LAB photoinjector [8]. By changing the

temporal distance between the two pulses and measuring the
resulting photoemitted charge, we studied the nonequilibrium
phase between the free electrons of the cathode and its lattice
at different laser intensities. A strong enhancement of the pho-
toemitted charge is observed when the two pulses are temporally
close within few hundreds of fs, indicating that the process is
driven by two-photon photoemission (2PPE). By measuring
the charge as a function of the temporal delay we also found that
it can also be exploited as an autocorrelation technique able to
determine the duration of the UV pulses. The study is com-
pleted by analyzing the effects of 2PPE on the resulting beam
emittance. The background theory is confirmed by simulating
the cathode as a two-temperature system when interacting with
the laser pulses.

The SPARC_LAB photoinjector consists of a copper cathode
(work function �w ⇡ 4.51 eV) installed in a 1.6 cell S-band
( fRF = 2.856 GHz) rf-gun followed by a focusing solenoid
and three accelerating sections. The gun is driven by UV
light (�L ⇡ 266 nm, i.e., E� ⇡ 4.66 eV photon energy) with
⌧L ⇡ 300 fs (FWHM) duration generated at 10 Hz repetition
rate. Figure 1 shows the experimental setup. The two pulses,
produced by sending the UV laser in a polarizing beamsplitter,
have the same radius (r L ⇡ 500 µm) and their intensities are
adjusted with a half-wave plate. A delay line allows the relative
delay of the two pulses to be changed. Through a fused silica
window the pulses enter in the rf-gun, maintained in an ultra-
high vacuum (10�9 mbar), and reach the cathode with almost
normal incidence angle and opposite polarizations. The charge
of the beam is monitored with several beam-current monitors
(BCMs) installed along the linac while its duration is measured
with a rf-deflector device.

The electron flux emitted from a solid surface illuminated by
electromagnetic radiation comes from two coexisting processes,
namely the photoelectric effect due to the absorption of one or
n photons, and the thermionic emission due to the heating of
the material. The total emitted current density, according to the
Fowler–DuBridge (FD) model [9,10], can be written as

Je =
X

n

Je ,n =
X

n
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Wavelength Pulse 
Length

Pulse 
Energy

Expected 
Charge

Thermal 
Emittance

266nm 4ps 800µJ 2nC 2.2µm

266nm 400fs 500µJ 2nC 3.4µm

400nm 4ps 5mJ 2.1nC 2.8µm

400nm 400fs 1.5mJ 2.0nC 2.9µm

Preliminary studies for FACET-II
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Enhanced QE possible: 
• Multi-photon emission 
• Short UV pulses



Concluding Thoughts

• Advanced accelerator concepts are being investigated as 
candidates for a future generation of linear colliders 

• Plasma and structure wakefield accelerators expect to benefit 
from decades of linear collider and XFEL R&D to produce the 
required high-charge high-repetition rate beam drivers 

• Injectors based on plasma accelerators may serve as brightness 
transformers and allow novel intermediate applications such as 
light sources with higher photon energy, higher peak power or 
shorter pulses 

• Current generation test facilities rely on ‘proven’ technology and 
are risk adverse with operating machines or new projects 

• Flexible test stands and facilities, with sustained (not reactionary) 
R&D are critical to support current and next generation facilities
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