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Abstract
The cathode emission physics plays a crucial role in the

overall beam dynamics in an RF gun. Interplays between in-
tricate emission mechanisms in the cathode vicinity strongly
influence the cathode quantum efficiency (QE) and the intrin-
sic emittance. The presence of strong space-charge effects
in high gradient RF guns further complicates the emission
process. A proper modeling of photoemission and a careful
treatment of the space-charge contribution is thus of great
necessity to understanding the formation of the beam slice
emittance. In this article, emission measurements are carried
out using the L-band cesium-telluride photocathode RF gun
at the Photo Injector Test Facility at DESY in Zeuthen (PITZ)
and the S-band copper photocathode RF gun at Tsinghua
University. Following the Dowell model a simple so-called
space-charge iteration approach is developed and used to
determine the QE through temporal- and spatial-dependent
electromagnetic fields. An impact of the space-charge cool-
ing on the intrinsic emittance is presented. Measurement
data are shown and discussed in comparisons to preliminary
simulation results.

INTRODUCTION
High gradient photocathode RF guns provide high bright-

ness electron beams for coherent light sources [1–3]. Such
applications require rather high bunch charge and very small
transverse normalized emittance from the injector. Optimiza-
tion of the injector performance to fulfill the beam require-
ments is essentially a trade-off between multiple machine
operation parameters. Experimental results at PITZ [2, 4, 5]
have revealed optimum injector parameters from which the
space-charge dominated photoemission at the cathode is
identified. A detailed understanding of the contribution of
the strong space-charge effects present in the cathode vicin-
ity onto the emission process is, therefore, a prerequisite to
characterize crucial beam properties at extraction, such as
the thermal emittance which occupies a major part of the
overall emittance budget [6].

In this article, the photoemission characterization is per-
formed at two gun facilities, the L-band cesium-telluride
photocathode RF gun at PITZ whose copies are in use at
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the European XFEL and FLASH, and the S-band copper
photocathode RF gun at Tsinghua University [3, 7] which
has been used, for example, as the electron source for the
compact Tsinghua Thomson Scattering X-ray Source [8] and
many other research programs [9].

BEAM DYNAMICS
Figure 1 shows the extracted bunch charge (Q) from a

cesium-telluride photocathode in the PITZ gun scanned over
the full range of the emission phase (φ) and the applied cath-
ode drive UV laser pulse energy (Elas). An 11 ps (FWHM)
temporal Gaussian laser pulse with a transverse spot size of
1.2 mm in diameter is used for these measurements. The gun
is operated at a maximum electric field gradient of 60 MV/m.
The zero-crossing phase is at about 45◦. The maximum mean
momentum gain (MMMG) phase is at 6◦. The charge is col-
lected with a Faraday cup which is 0.78 m downstream of
the cathode. The so-called Schottky scans (Q vs. φ) using
different laser pulse energies and the emission curves (Q vs.
Elas) at various RF phases are also shown in the 2D projec-
tions. In the Schottky scans, the increase of the bunch charge
around 45◦ essentially relates to the pulse shape of the drive
laser and the sharpness of the rising edge is limited by the
space-charge effects as the laser pulse energy is increased.
The slow increase of the charge in the middle of these curves
reveals the Schottky-like effect. For the emission phases far
away from the MMMG, a major part of the emitted electrons
gets lost during beam transportation due to strong RF phase
slippage (see [5, 10] for more details).

Figure 1: 3D reconstruction of a characterized photoemis-
sion distribution obtained from the experiments at PITZ.
Note that the laser pulse energy is represented by the laser
intensity coefficient following a linear correlation.
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Figure 2: Demonstration of temporal emission profile correction due to a space-charge dependent cathode work function in
numerical simulations.

PHOTOEMISSION MODEL
A dispersive QE formulism is developed by David H.

Dowell and John F. Schmerge [11] for metal cathodes using
the Fermi-Dirac model, which reads

QE(ω) =
α(}ω − Φeff)

2

8Φeff(EF + Φeff)
(1)

with Φeff, }ω, EF and α denote the effective cathode work
function, the photon energy, the Fermi energy and the
form factor for characterizing the material properties, re-
spectively. The effective work function can be written as
Φeff = Φ0 ± Φschottky + Φp, where Φ0 represents the in-
trinsic cathode work function, the terms Φschottky and Φp
refer to the modifications of Φ0 due to the Schottky effect
and the so-called plasma layer shielding effect [12], respec-
tively. The term Φp is resulted from the formation of an
effective charge layer in close to cathode vicinity at very
high laser intensities which shields the electrons from fur-
ther emission. This results in an effective increase of the
cathode work function. We model these nonlinear effects
by introducing Φp(r⊥, t) = kIm(r⊥, t) and Φschottky(r⊥, t) =
e
√

e[Erf(r⊥, t, z = 0) + Esc(r⊥, t, z = 0)]/4πε0. The symbols
I, Erf and Esc stand for the spatial and temporal dependent
parameters: the cathode drive laser intensity, the RF and
space-charge fields at the cathode position, respectively. The
terms k and m are fitting parameters to the experimental data.
The symbol "±" inΦeff marks the moment when the full field
changes its sign at z = 0 which refers to the cathode position.

SPACE-CHARGE DEPENDENT CATHODE
WORK FUNCTION

Accurate modeling of strong space-charge effects puts
a big challenge to numerical convergence of the existing
space-charge tracking algorithms. To take into account the
space-charge contribution to the cathode work function more
properly, and therefore, to the QE, a treatment of this issue
is proposed by introducing a simple "space-charge iteration
approach" based on Eq. (1). The algorithm takes the emit-
ted bunch charge produced by the drive laser following a
linear run of the measured emission curve, and iteratively

injects the bunch at the cathode for particle dynamics sim-
ulations from which the full fields at the cathode position
are obtained. Given the fields and the prior known cathode
drive laser distribution, a temporal- and spatial-dependent
QE profile can be consistently determined in the iterative
approach until the relative change of the temporal emission
profiles between two subsequent iterations is below numeri-
cal tolerance (e.g., roughly 1% in Fig. 2 (c)). Note also that
the realistic transverse emission map (see next section) is
used for the modification of the transverse beam distribution
while the temporal emission profile is being modulated. An
in-house developed MATLAB code is used for the simula-
tion.

In Fig. 2, simulation results of normalized temporal emis-
sion profiles and the Schottky work functions are shown for
three bunch charges. The symbol "#" in the bottom legend of
Fig. 2 gives the sequential number of the iteration. Note, in
addition, that the smoothness of the temporal emission pro-
files shown here can be improved by refining the numerical
parameters (e.g., number of macro-particles), and that only
the longitudinal fields are considered for these simulations
at the moment. Figure 4 shows the improved agreements
of simulation predictions (orange and blue curves) with the
measurement data (black curves) in comparison to the con-
ventional beam dynamics simulations (dashed and dotted
gray curves). The deviations in bunch charge are below 50
pC for both cases.

CHARACTERISTIC EMISSION CURVES
The space-charge iteration approach is applied to sim-

ulate the characteristic emission curves measured with a
copper photocathode at Tsinghua University. The experi-
mental conditions are summarized in Table 1. The measured
transverse laser intensity distribution is shown in Fig. 3.
The transverse emission map is the convolution of the QE
map with the transverse distribution of the laser intensity.
In our simulations, the measured laser intensity distribution
is used to produce the emission map assuming a transverse
homogeneous QE. All machine parameters used in the ex-
periments are then directly plugged into the simulations for
the comparison with the measurement data.
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Table 1: Machine Parameters

Parameters Values
Diameter of emission area 1.8 mm
Trans. cathode laser distri. shown in Figure 3
Cathode laser pulse energy 18 −131 µJ
Temp. cathode laser distri. flattop, 0.5/10\0.5 ps
Max. RF E-field gradient 108 MV/m
RF phase w.r.t. zero crossing 30 o and 22 o

Figure 3: Measured transverse intensity distribution of the
cathode drive laser spot.

The saturation charge level is of interest for determin-
ing the maximum cathode beam brightness. In the cases
presented in this section, the length that the electron beam
extends into the vacuum by the end of the laser pulse is es-
timated using a cathode-anode gap model as ∆z ≈ eE0

2m ∆t2

[13], where E0 refers to the gun field applied at the cath-
ode and ∆t denotes the laser pulse duration. Compared to
the radius of the transverse emission area, the length ∆z is
much shorter. A pancake aspect ratio of the beam is thus
defined. This leads to the appliance of the "pancake emis-
sion model" in which the maximum extractable charge is
simply predicted according to the maximum allowed surface
charge density as Qsat ≈ ε0E0πR2. As shown in Fig. 4, the
predicted saturation charge levels (green lines) are in good
agreements with the simulated and measured ones.

Figure 4: Characteristic emission curves: measurement vs.
simulation. The terms k and m for determining Φp in the
overall work function are estimated as 0.1 and 0.35, respec-
tively. The ASTRA code is used for particle tracking [14].
where σx represents the rms beam size while the square root
stands for the rms of the dimensionless transverse momen-

INTRINSIC EMITTANCE
The intrinsic emittance for metals is derived in [11] as

εn = σx

√
}ω − Φeff

3mc2 , (2)

tum. As discussed in earlier sections, the effective cathode
work function is time- and space-dependent according to
the spatial and temporal dependent fields formulated in Eq.
(1). This effect results in a transient correlation of the sliced
intrinsic emittance on the cathode surface with the emission
time clock. Figure 5 shows this (surface) thermal emittance
evolution during emission for variable bunch charges. The
inset gives the averaged emittance as a function of the bunch
charge. Higher extracted bunch charge corresponds to lower
averaged beam intrinsic emittance on the cathode surface and
vise versa (dotted lines). This is due to the fact that higher
space-charge fields cancel out more applied acceleration
fields at the cathode leading to an increased cathode work
function, and therefore, a lower thermal emittance. This
means, the space-charge cools down the thermal emittance,
which, in fact, may partially explain why the optimum opera-
tion condition for the overall minimized transverse emittance
at PITZ always results in a space-charge dominated emission
at beam extraction, since the thermal emittance is one of the
major parts of the optimized transverse beam emittance.

Figure 5: Space-charge influenced transient thermal emit-
tance on the cathode surface for different bunch charges.

SUMMARY
The photoemission mechanism and the associated beam

dynamics are discussed with a focus on the space-charge
dominated regime. Space-charge contributions to the cath-
ode work function are modeled through the Schottky-effect.
A photoemission model is then used to link the modified
cathode work function to the modulated QE. Based on a
proposed space-charge iteration approach, a time- and space-
dependent QE results and a transient beam intrinsic emit-
tance on the cathode surface is obtained. A space-charge
cooling effect is presented which can be potentially used
for improving the overall beam emittance by reducing the
thermal emittance through the extraction of multiple bunch
charges. Beam dynamics simulation results show good
agreements with the characteristic emission measurement
data with a copper cathode at Tsinghua University. More
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detailed analysis and modeling work will be presented in the
near future.
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