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ABSTRACT
Free-electron laser based x-ray facilities require high-brightness photoinjectors to provide low emittance electron beams at a fixed bunch
charge. The emittance optimization in the injector determines the lowest achievable emittance. Based on experimental emittance optimization
at the photoinjector test facility at DESY in Zeuthen, a space-charge affected emission regime is identified, in which the optimum transverse
beam emittance is achieved and thus, the injector is routinely operated in this regime. An advanced modeling approach is proposed to consider
a dynamic emission process in the simulation of injector beam dynamics, meanwhile allowing detailed studies of the impact of strong space-
charge fields during emission on the slice formation of the emitted electron bunch at the cathode. As an application, the proposed approach is
used to analyze the budget of the optimized transverse beam emittance. An interplay, taking place in the identified emission regime, between
intrinsic cathode emittance and space-charge induced emittance is demonstrated. The resolved behavior by simulation is consistent with the
corresponding measurement under practical operation conditions of interest. The obtained results are reported.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5129532., s

I. INTRODUCTION
Free-Electron Laser (FEL) based x-ray facilities1 are preva-

lently required by science-driven interdisciplinary proposals.2 Such
facilities demand the photoinjectors to provide high-brightness
electron beams. For a fixed bunch charge, this entails minimiza-
tion of the beam emittance in all planes. The lowest achiev-
able emittance for linac-based accelerators is, however, already
set at the injector exit, giving the emittance optimization in the
injector a crucial role.3,4 The emittance budget mainly consists
of the contributions from the space-charge and Radio Frequency
(RF) forces, and the photocathode, as well as the coupling terms
between each other. Among these emittance contributions, the

intrinsic emittance of the cathode sets the lower limit of the overall
emittance.5,6

II. OBSERVATION OF OPTIMIZED EMITTANCE
IN A SPACE-CHARGE AFFECTED EMISSION REGIME
A. Emittance optimization scheme

An experimental optimization scheme of the normalized trans-
verse beam emittance at the photoinjector test facility at DESY in
Zeuthen (PITZ)7 is described as follows: First, the emittance is mea-
sured using a slit-scan technique8 as a function of the gun solenoid
current at a given transverse spot size of the cathode drive laser pulse.
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FIG. 1. Sketch of a characteristic emis-
sion curve (a) and concepts of emission
regimes when applying different cathode
laser spot sizes for emittance optimiza-
tion (b). The inset transverse laser dis-
tributions in (b) are only used to illus-
trate the size change in the cathode laser
spot. Note that the two horizontal dashed
lines in (a) illustratively separate different
emission regimes while the other dashed
line shows a linear trend of the emission
curve when the cathode laser intensity is
relatively low.

Second, the spot size of the laser pulse is optimized for the small-
est achievable emittance. The temporal laser pulse shape and length
are kept invariant for simplicity. In addition, a so-called emission
curve, defined as the emitted bunch charge vs the cathode drive laser
intensity, is routinely measured at PITZ.

B. Space-charge affected emission
Figure 1(a) shows a sketch of an emission curve. As the cath-

ode drive laser intensity increases, the emission curve is bent by
space-charge effects. This generally separates the emission curve into
different regimes,9 Quantum Efficiency (QE) dominated regime,
transition regime,10 and strong SPace-CHarge (SP-CH) dominated
regime, respectively. The red dot on the emission curve corresponds
to a typical Working Point (WP) of the accelerator. As the work-
ing point lies on the non-linear part of the emission curve, the
beam dynamics in the transition regime is already influenced by
the space-charge effects. As described before, for emittance opti-
mization, the transverse spot size of the cathode laser pulse is var-
ied, resulting in a tendency change in the emission curve due to
the variation of the local space-charge density at the cathode. This

FIG. 2. A measured emission curve for a Cs2Te photocathode under standard
operation conditions7 of the PITZ accelerator. The insets show the used transverse
(upper left) and temporal cathode laser distributions (upper right), the measured
transverse beam profile (lower left), and phase spaces (lower middle and right).

is illustrated in Fig. 1(b), where three emission curves are exem-
plarily sketched for three different laser spot sizes. As shown in
Fig. 1(b), for producing a required bunch charge (red dashed line),
the Working Points (WPs) for various laser spot sizes settle in dif-
ferent regimes of photoemission, namely, the QE dominated (left),
the transition (middle), and the SP-CH dominated (right) regimes,
respectively.

C. Experimental observation
When the accelerator is operated at the transition regime of

photoemission, the best beam emittance is observed in the exper-
iment. This is exemplarily shown in Fig. 2. The measured emit-
tance is optimized at the chosen WP (blue dot) in the transition
emission regime for 1 nC bunch charge when the maximum cath-
ode field gradient is about 60 MV/m. Such findings are routinely
observed in the experiments for various machine operation condi-
tions.7,11 The transition regime of emission is critical for improving
the performance of photoinjectors. However, the associated dynam-
ics in this regime cannot be reproduced well by simulations.12 Dis-
crepancies of beam parameters exist between measurement and
simulation.7,11,13

III. CHARGED PARTICLE DYNAMICS
WITH PHOTOEMISSION MODELING

To understand the particle dynamics in the transition regime of
emission, an advanced approach is proposed by modeling the emis-
sion process based on cathode physics. This is done, more specif-
ically, by incorporating an emission model with a particle track-
ing code. Based on Spicer’s three-step photoemission theory,14 the
incorporated emission model15–17 originally developed by Jensen is
further enhanced to take into account collective effects in the cath-
ode vicinity.18 A simplified Quantum Efficiency (QE) formalism of
the cathode reads

QE[Φeff(r�, t)] =
α

{1 + Ea/[̵hω −Φeff(r�, t)]}2 , (1)

with
Φeff = Φ0 ±Φs (2)

and
Φs = e

√

e[Erf(r⊥, t, z = 0) + Esc(r⊥, t, z = 0)]/4πε0. (3)
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The form factor in Eq. (1) α = η/(1 + p) with p physically interpreting
the ratio of the drive laser penetration depth to the average distance
an electron travels between collision events and η defined as a coef-
ficient in proportion to the reflectivity of the cathode surface. The
symbol Ea denotes the electron affinity, and the term Φeff represents
the effective cathode work function for describing the probability of
electron escape from the cathode surface by overcoming the surface
barrier potentials. The latter is further decomposed to the intrin-
sic cathode work function, Φ0, and the modification of the intrinsic
contribution by Φs due to the presence of strong fields on the cath-
ode surface through a Schottky-like effect, as described in Eqs. (2)
and (3). For semiconductor cathodes (e.g., Cs2Te), the intrinsic work
function is typically expressed as the sum of electron affinity, Ea and
bandgap, Eg . The symbols e and ε0 in Eq. (3) denote electron charge
and vacuum permittivity, respectively. The terms Erf and Esc stand
for the spatial (r�) and temporal (t) dependent energy parameters of
the RF and beam self-fields at the cathode position, respectively. The
symbol “±” in Φeff marks the moment when the full field (i.e., Erf +
Esc) changes its sign at the cathode surface position (z = 0). Based on
Eqs. (1)–(3), the transient charge production is expressed as

dQ(r⊥, t) =
eαdElas(r⊥, t)dr⊥dt

̵hω{1 + Ea/[̵hω −Φeff(r⊥, t)]}2 , (4)

where dElas represents the energy of the cathode drive laser pulse and
̵hω stands for the photon energy. The extracted total charge is then
computed as the integration of Eq. (4) over the laser-illuminated area
on the cathode surface during emission.

The emission model aforestated is incorporated with a 3D
full electromagnetic Lienard–Wiechert approach19–21 for parti-
cle dynamics simulations. A measurement-data-based training
scheme11 is applied to determine the form factor in the emission
model. An initial particle distribution is generated according to
the convolution of the realistic (measured) transverse cathode drive
laser temporal intensity distribution and the measured cathode QE

FIG. 3. Particle distribution generation by the convolution of the measured cath-
ode drive laser temporal intensity distribution and the measured cathode QE map
during emission. Pink curve: typically measured temporal laser intensity profile.
Black curve: shape-preserving fit for the measurement. The inset distributions
show exemplarily the measured transverse distribution of the cathode laser pulse
and the measured QE map of the cathode.

map within the emission time, as shown in Fig. 3. By introducing
the field-dependent cathode work function [Eqs. (1)–(4)] into the
particle tracking approach, a time and space dependent dynamic
emission process is made possible, allowing studies of the slice for-
mation of the extracted electron bunch at the cathode, and allowing
more detailed simulations of the beam parameters in the transition
regime of emission. The follow-up intrinsic emittance calculation
follows the work by Floettmann.22

IV. SPACE-CHARGE AFFECTED INTRINSIC SURFACE
EMITTANCE AT CATHODE

Figure 4 shows four defined working points (WPs) along a mea-
sured emission curve for specifically setting up the simulation of
beam intrinsic emittance in Fig. 5. Varying the WP from A to D cor-
responds to the increase in the energy of the cathode drive laser pulse
which implies the increase in the local charge density at the cathode
plane. Figure 5 shows the intrinsic emittance on the cathode surface
at different WPs, A–D. As shown in the figure, an intra-bunch mod-
ulation is observed at the WPs B–D. This is due to the fact that strong
space-charge fields on the cathode surface increase the cathode work
function and decrease the excess energy of the photoemitted elec-
trons. The effect is stronger and starts to develop earlier for a higher
local charge density at the cathode. It is exemplarily demonstrated
in this case that the effect results in a 30% peak-to-peak reduction
of the intrinsic bunch emittance and correspondingly, a 10% drop
in the average emittance for different WPs in Fig. 4. In addition, as
shown in Fig. 2, the optimum working point of the accelerator is
typically located in the transition regime of photoemission, and in
such a regime (e.g., at WPs C and D in Fig. 4) strong modulations of
the intrinsic emittance are observed (Fig. 5). This means, the mod-
ulation effect of the intrinsic emittance needs to be considered in
beam dynamics simulations in the transition regime of emission for
properly budgeting the optimized emittance.

FIG. 4. Working points defined along a measured emission curve for the simulation
of intrinsic surface emittance in Fig. 5.
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FIG. 5. Intrinsic surface emittance at the cathode vs emission time clock.

V. BUDGETED OVERALL TRANSVERSE EMITTANCE
Using the proposed approach, the emittance budget in the tran-

sition regime of photoemission is numerically and experimentally
investigated. As for basic setups, the PITZ gun is operated to yield a
maximum electric field of 40 MV/m at the photocathode. The launch
RF phase is tuned to the phase corresponding to the maximum
mean momentum gain. The Cut-Disk-Structure (CDS) booster is
operated on-crest, resulting in a final beam mean momentum of
about 18 MeV/c. A cathode laser pulse with a temporal Gaussian
profile of about 6 ps full width at half maximum is used for this
study. More detailed description can be found in recent studies at
PITZ.23

In Fig. 6, the emission curves are measured for three differ-
ent transverse laser spot sizes of 0.5 (black), 0.7 (blue), and 0.9 mm
(pink) in diameter. As shown in the figure, as the transverse spot
size decreases, the WP for extracting the required bunch charge of
100 pC (horizontal dashed line) evolves from the QE dominated
regime to the transition regime until the strong SP-CH dominated
emission regime. At these WPs, the transverse beam emittance is
measured and simulated correspondingly, as shown in Fig. 7. The
experimentally optimized transverse emittance is achieved at the
optimum spot size of 0.7 mm (black curve). The observation that
the optimum working point is located in the transition regime of
photoemission is consistent with the finding in Fig. 2, where the
measurement was done for a higher bunch charge (1 nC). Com-
pared to the WPs in the QE dominated (at 0.9 mm) and the strong
SP-CH dominated (at 0.5 mm) emission regime, this demonstrates,
once again, that working point at the transition regime delivers the
best optimized beam emittance. The simulation result with emis-
sion modeling of the field-dependent cathode work function (blue
curve) shows a better agreement with the measurement data when
compared to the case without the modeling approach (red curve).
The simulated emittance is closer to the measured value, and more
importantly, the predicted optimum transverse cathode laser spot
size is the same as the measured one.

FIG. 6. Working points defined on three measured emission curves for emittance
optimization at 100 pC. The plots show the measured transverse distributions of
the cathode drive laser pulses with different spot sizes.

Furthermore, the overall emittance budget is analyzed. The
red and green bars (Fig. 7, right axis) indicate the space-charge
induced emittance and the intrinsic cathode emittance, respectively,
for different cathode laser spot sizes (i.e., different working points
in terms of emission regimes). It is clearly seen, that when the WP
(i.e., 0.7 mm) is in the transition regime of emission, strong space-
charge fields on the cathode surface play a major role leading to
a prominent space-charge contribution to the emittance while the
intrinsic contribution from the cathode is moderate. Decreasing the
cathode laser spot size (toward 0.6 mm) causes further increase in
the space-charge induced emittance and, therefore, blows up the
overall emittance. On the contrary, increasing the spot size (toward
0.9 mm) relaxes the local space-charge density at the cathode and,
thus, decreases the space-charge induced emittance. However, larger

FIG. 7. Measurement and simulation of transverse beam emittance vs cathode
laser spot size and analysis of the overall emittance budget in different emission
regimes.
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spot sizes on the cathode give larger intrinsic emittance. This leads
to an increased overall emittance. It is, essentially, the interplay in
the transition regime of emission, between the space-charge induced
emittance and the intrinsic cathode emittance, which determines the
optimized transverse emittance of the photoemitted electron beams.
The strong space-charge fields play a key role at the cathode.

VI. CONCLUSION
In conclusion, the so-called transition regime of photoemis-

sion is identified and characterized in more detail. The presented
experimental and numerical results suggest that operating the pho-
toinjector in such a space-charge affected emission regime ren-
ders experimentally achievable best beam emittance for free-electron
laser applications. An advanced beam dynamics modeling approach
is proposed to consider the impacts of strong RF and beam self-
fields in the cathode vicinity onto the beam dynamics. The overall
emittance budget in the identified emission regime is analyzed in
comparison with the space-charge induced emittance and the intrin-
sic cathode emittance. The simulation results are consistent with the
measurement data. It can also be noted that resolving the complex
beam dynamics due to strong space-charge forces in the cathode
vicinity at the optimum working point of the accelerator requires
detailed modeling of the photoemission process.
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