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Motivation
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QE: Theory vs. Measurement

the zero crossing rf phase. For 50 MV=m, !Schottky !
0:268 eV. In this calculation the optical depth and the
optical reflectivity are determined from the wavelength-
dependent complex index of refraction [20] in Eq. (19) to
obtain the theoretical curves shown. The agreement is
excellent for the entire wavelength range. Therefore, we
conclude the above described theory is reasonably accurate
and the H-ion cleaning technique produces a nearly ideal,
atomically clean copper surface.

V. IMPLEMENTING THE H-ION CLEANER ON AN
S-BAND rf GUN

Figure 9 shows a possible method for implementing an
H-ion gun on existing 1.6 cell, s-band (2.856 GHz) guns.
The H-ion gun working distance is limited to approxi-
mately 15 cm, thus transporting the beam through the
solenoid is not possible. However, since nearly all such
guns are built with grazing-incidence laser ports on the
cathode cell, we propose using one of these ports for
directing the H-ion beam onto the cathode. The vacuum
pressure increases to the 10"4 Torr range during H-ion
beam operation and, thus, a valve (not shown) is required
downstream of the gun and solenoid to protect the rest of
the beam line. Work is in progress to investigate installing
this type of cleaner on the Linac Coherent Light Source

(LCLS) gun. Further details of the LCLS gun can be found
in Ref. [21].

VI. SUMMARY AND CONCLUSIONS

This work demonstrates the potential of using a 1 keV
hydrogen ion beam to clean the surface of metal cathodes.
Measurements of the QE as a function of optical wave-
length were performed as a function of the integrated
exposures of a copper sample to the hydrogen beam. The
QE reached its maximum value after an exposure of
10.32 mC in an area approximately 1 cm in diameter.
Analysis of the data yielded a work function of 4.31 eV,
slightly lower than but within the experimental uncertainty
of the published work function for copper.

In order to understand the fundamental contributions to
the QE, a free-electron Fermi gas model was used to derive
a relation for the QE. The derivation was based upon the
three-step model of photoemission and produces results in
exceptional agreement with the measurements. This is due
in part to using the experimentally determined work func-
tion and the lack of features in the electron density of states
of copper near the Fermi level. The results of these studies
show that H-ion beam cleaned metal cathodes perform
close to the theoretical expectations of an atomically clean
metal surface.

Based upon this work, it is proposed to install an H-ion
gun on the standard s-band rf gun for in situ cleaning of the
cathode after its installation. A natural location is one of
the laser ports located on the cathode cell of most s-band
guns. With the H-ion gun permanently mounted in this
location, the cathode can be cleaned whenever it becomes
contaminated and the QE is unacceptably low.
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FIG. 9. (Color) The proposed configuration for in situ cleaning
of the cathode in an s-band rf gun. An H-ion gun with a valve and
extension vacuum spool is shown attached to one of the grazing-
incidence laser ports on the cathode cell.

TABLE I. Parameters used to compute the theory curves in
Fig. 8.

Fermi energy 7 eV
Work function 4.31 eV
!Schottky at 50 MV=m 0.268 eV
e-e scattering length at 8.6 eV 22 !A
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FIG. 8. (Color) Plot comparing the measured QE at low field
(points) and computed QE’s using Eq. (19) and the parameters
listed in Table I at low (red) and high (blue) applied fields.
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Emittance: Theory vs. Measurement

Qian, 2012, Ph.D.

Parameter Unit BNL SLAC PSI

laser wavelength mm 266 253 261 272 282

gun gradient MV/m 95 115 / / /

gun phase deg / 15 / / /

launch electric field MV/m / 30 25 25 25

measured therm. emit. µm/mm 0.92 0.9 0.68 0.54 0.41

theory therm. emit. µm/mm / 0.54 0.64 0.54 0.43

copper work function µm/mm 4.59 4.65 4.3 4.3 4.3
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Motivation
How people deal with the surface roughness effect
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Motivation
Difficulties in 3D case calculation

• Initial electron phase-space 
distribution (slope effect) 

• EM field on an arbitrary 
surface (field effect)
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Monte-Carlo Sampling 
Generate s ~ Exp(λ), E ~ U(EF−ħω, EF), θ′ ~ U(0, π/
2), φ′ ~ U(0, 2π), where 1/λ = 1/λopt+1/λe-e, then 
apply the filter condition (E+ħω)cos2θ′ ≥ φeff. 
 
However the sampling efficiency is quite low (~ 
1e-4) because of the low QE of metals.
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Motivation
Difficulties in 3D case simulation

Meshing on the Rough Surface 
The rms amplitude of the surface roughness is ~ 10 
nm, the average rms wavelength is ~ 10 µm, and 
the size of the laser spot is ~ 1 mm. Meshing would 
be too memory-consuming. 
 
Unrealistic to do this in EM field simulation code.

• Generate initial electron 
samples (slope effect) 

• Simulation of the EM field 
near a real-life rough surface 
(field effect)
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Motivation
How to deal with the difficulties in 3D case

Utilize the Point Spread Function 
By applying the Point Spread Function (PSF) of photocathode, 
one could reveal a simple rule for the electron distribution on 
the rough surface. 
 
Thus the sampling efficiency could be significantly improved.
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• Generate initial electron 
samples (slope effect) 

• Simulation of the EM field 
near a real-life rough surface 
(field effect)

Motivation
How to deal with the difficulties in 3D case

Approximate Formula for the Electric 
Potential 
For gently undulating surface, there exist some approximate 
formula for the electric potential distribution, which is proved 
to be accurate enough for our case. 
 
Therefore we could generate the fields much faster and cost 
much less memory.
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Modeling
The PSF of the flat surface
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Point Spread Function 
The response (image) is the convolution of 
the point spread function (PSF) and the 
source (object).

D(x, y) = I(x, y) ⇤ f(x, y)



Modeling
The PSF of the flat surface
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Modeling
The PSF of the rough surface
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The PSF of the rough surface
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The Momentum PSF 
The momentum PSF is the integration of PSF over 
the real-space (x, y).
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The Momentum PSF 
The momentum PSF is the integration of PSF over 
the real-space (x, y).
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The PSF of the rough surface

The Effect of the Incident Angle 
For a gently undulating surface, the effect of the 
incident angle could be neglected.



Modeling
The slope effect on the rough surface
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Modeling
The electric field distribution near the rough surface
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The Form of the Approximate Potential 
The form is set to satisfy the Laplace’s equation and the B.C. for 
infinity.
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Modeling
The electric field distribution near the rough surface
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The B.C. at Surface 
When kR(x, y) << 1, the B.C. at surface would lead to  
C(kx, ky) = -R(kx, ky).
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Modeling
The electric field distribution near the rough surface
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Gently Undulating Surface 
A gently undulating surface should mean that: 

rms(R) · rms(k) ⌧ 1



Modeling
The electric field distribution near the rough surface
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Approximate Formula for the Electric Field
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Theory
3D arbitrary surface
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• EM field generation 
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Simulation
The principles

Average Number of Attempts to Produce an 
Accepted Sample 
The samples generated by rejective method obey the geometry 
distribution.
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• Initial electron beam sampling 

• EM field generation 

• Motion equation integration

Simulation
The principles

Z-based Motion Equations 
We choose the z-based motion equations because the E-field is 
calculated by z-layer, z-based motion could guarantee the 
accuracy.
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Simulation
The simulation configurationFigure 2: Validation of the accuracy of the analytical electric potential. We take the profile of the 3-D surface shown

in Fig. 3 along x = 57.47 µm, the surface profile is marked by the black bold curve. The white bold curve in the plot is
the zero potential contour of the analytical electric potential in the y-z plane at x = 57.47 µm, which is calculated by the
equations. In the plot, the surface profile and the zero potential contour are mostly overlapped, therefore we conclude that
the analytical electric potential is quite accurate.

NUMERICAL SIMULATION

Simulation configuration
Our simulation configuration is shown in Fig. 3, the details

could be found in the caption.

Figure 3: Simulation configuration. The yellow-black back-
ground shows the morphology of the surface we employed
in the simulation, while the blue-red spot in the center de-
scribes the transverse intensity distribution of the laser.

Simulation results
Using the parameters in Table 1, we get results shown in

Fig. 4. From Fig. 4 one could see that, the phase space is
distorted along x direction. The distortion is caused by the
transverse electric field on the surface, and this distortion
introduces the emittance growth.

Doing statistics on both the initial phase space and the
final one, we obtain that the emittance growth factor is ⌘

s

=

"
f

/"
i

=
4.826 µm · keV/c
4.623 µm · keV/c = 1.044, while the emittance growth

factor given by the analytical formula is ⌘
a

= "2/"1 =
4.822 µm · keV/c
4.623 µm · keV/c = 1.043. The simulation and analytical values
are rather close, thus we could confidently say the analytical
result is reliable. Surprisingly the emittance growth factor
is far smaller than expected (1.5 ⇠ 2)!

Table 1: Parameters used in numerical simulation.

Parameter Value Unit Description

�
l

266.0 nm laser wavelength
l-dist uniform - laser transverse distribution
r
l

20.0 µm laser transverse radius
x
l

80.0 µm laser incident x center
y
l

60.0 µm laser incident y center

mat copper - material of the cathode
E0 50.0 MV/m e�ective electric field strength
�
w

4.31 eV work function
�e� 4.04 eV e�ective work function
E
F

7.0 eV Fermi energy

N 10000 - number of particles
z
i

0 nm simulation starting position
z
f

5000.0 nm simulation ending position
dz 10.0 nm simulation z step

In Fig. 5, we compared the emittance growth factor be-
tween several 2-D sinusoidal surface cases and the 3-D ran-
dom surface case. We choose di�erent sets of spatial period
(p in the legend) and amplitude a for 2-D sinusoidal cases.
The details are described in the caption. It’s obvious that
the emittance growth factor for 2-D macro roughness case
(dotted magenta curve) is significantly larger than the 3-D
case under the same applied electric field strength. However,
when we use 2-D roughness parameters that matched to the
3-D surface1, the emittance growth factor curves for 3-D
and 2-D case are very close, with the fact that the 3-D curve
is a little lower than the 2-D one.

The propinquity of the emittance growth between the
matched 2-D and 3-D surface gives us a simple way to esti-
mate the upper limit of the roughness emittance growth on
a real cathode:
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377775 (3)

1 Matching condition: a =
p

2R
q

, � = �
q

, where R

q

is the rms surface
roughness, �

q

the rms average wavelength.



Simulation
The phase-space & emittance evolution



Simulation
Comparison between 2D and 3D result

"̄2
n,x

= �2
x

·
"
~! � �e↵

3mc2
+

⇡e2

mc2
·
R2

q

E

�
q

#



Summary
• Reveal a simple rule for the 

initial phase-space distribution 
due to slope effect 

• Predict the emittance growth / 
phase-space evolution based 
on the cathode morphology 

• Show the roughness tolerance 
for a given emittance growth 
upper limit

• NOT include the surface 
emission effect 

• NOT consider the possible 
SPPs (Surface Plasmon 
Polaritons) generation 

• NOT consider the microwave 
smoothing effect 

• NOT consider the effective 
work function variation due to 
the surface roughness

Pros & Cons



Thanks
Questions or Comments


