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Abstract
The generation of ultrabright electron beams relies on

photo-injectors, which are influenced by dynamic surface
and collective field effects. Predicting the resulting bunch
characteristics is complicated due to the superposition
of RF field, near cathode image-charge field, and space-
charge. These effects are particularly relevant in high
charge density photo-injectors operating with sub-ps bunch
duration and nC bunch charge. We present an extended
Fowler–Dubridge–canonical photoemission model that in-
corporates self-consistenly the temporal evolution of the
aforementioned surface electric fields. We perform this con-
nection by dynamically coupling the resulting fiends and the
Schottky barrier. This method links single-particle photoe-
mission physics with collective field effects, enabling the
prediction of quantum yield in real time. Our simulations re-
veal strong spatio-temporal modulation of the photoemissive
process, inducing nonlinear collective forces that degrade
beam quality through emittance growth and phase-space dis-
tortion. The results underscore the important role in shaping
the initial laser pulses to tailor the phase space of electron
bunches for future colliders.

INTRODUCTION
Top-up injection is a key requirement for FCC-ee to sus-

tain high integrated luminosity and ultimately sets the per-
formance envelope of the machine. For instance, in the 𝑡 ̄𝑡
mode at 175 GeV, the nominal beam lifetime of 1 h is already
the shortest among the four planned operating points, and in
practice is likely to be even lower. Therefore a robust and
reliable top-up injection scheme is therefore essential [1].

A first design of the FCC-ee electron gun has been pro-
posed and optimized to meet the specifications of the ac-
celerator complex [2]. The target energy of 200 MeV is
achievable while keeping the rms transverse emittance be-
low 4 mm·mrad and the rms bunch length near 1 mm at a
peak charge of 5 nC. The high-charge density and ultrafast
nature of these bunches induce collective charge fields can
reshape the surface potential on femtosecond timescales.
The emitted electrons generate a rapidly varying collective
field that raise the effective photocathode potential barrier
and can partially suppress the photoemission process half
way through the laser pulse, distorting the emerging electron
bunch phase space [3, 4]. These effects cannot be described
in the traditional canonical or analytical simulation frame-
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works where photoemission is treated as an instantaneous
process under quasi-static applied fields.

Particle-in-Cell (PIC) and point-to-point Coulomb solvers
treat fields and particle motion self-consistently, account-
ing for shielding, bunch loading, and geometric field cur-
vature [5–7]. While accurate at the device scale, they re-
quire external emission laws, cannot resolve ångström-scale
barrier dynamics at practical mesh sizes, and are too com-
putationally intensive for real-time injector optimisation or
feedback loops needed in a top-up regime [1, 2].

Canonical photoemission models, including
Fowler–DuBridge photoemission, thermal emission,
and field emission formulations, provide fast local es-
timates of current density and incorporate microscopic
barrier physics such as Schottky lowering and image
potential [8–10]. However, they assume static applied fields
and therefore cannot capture the transient collective-field
modulation that occurs during high-brightness ultrafast
emission.

These limitations motivate the development of a self con-
sistent emission model that bridges microscopic barrier
physics with macroscopic collective-field evolution. The
model presented here incorporates dynamic modulation of
the barrier potential [11, 12]. Its low computational cost
makes it suitable for real-time on-demand charge control,
aligning directly with the operational requirements of FCC-
ee top-up injection scheme.

TIME-RESOLVED PHOTOEMISSION
MODEL

A predictive description of photoemission in RF injec-
tors must link microscopic barrier physics with the macro-
scopic collective fields that evolve during emission. The
interplay of the optical laser pulse, photocathode properties,
and near-surface charge buildup sets the emission rate (or
dynamic quantum yield) and initial phase space, and thus
the beam brightness. We introduce here a time-dependent
Fowler–DuBridge model that includes dynamic Schottky
lowering and self-consistent image- and space-charge feed-
back.

Because photoemission is confined to the laser spot foot-
print on the photocathode surface, the emerging charge
distribution can be treated as a finite disk rather than the
idealized infinite sheet often used in analytic injector mod-
els [13]. The infinite-sheet approximation overestimates
near-surface screening and artificially clamps the emission
current [3, 14, 15].



We represent the bunch as a sequence of thin, expanding
charge disks of instantaneous radius 𝑎𝑗(𝑡) and surface density
𝜎𝑗(𝑡) = 𝑞𝑗/(𝜋𝑎2

𝑗 ). The on-axis longitudinal field produced
by a uniformly charged disk of radius 𝑎 at a distance Δ𝑧
above the disk is

𝐸disk(Δ𝑧; 𝑎) = 𝜎
2𝜀0

⎛⎜
⎝
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√Δ𝑧2 + 𝑎2
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. (1)

This closed-form kernel is used for both the image-charge
field at the cathode surface and the vacuum space-charge
field acting on electrons after emission.

During emission, the total field near the photocathode
consists of the applied RF field (𝐹RF) and the collective fields
generated by the emerging bunch [10]. To treat emission
and transport consistently, we separate the surface (barrier)
field from the field acting on electrons once they leave the
photocathode. The barrier field governing Fowler-DuBridge
emission is

𝐹bar(𝑡) = 𝐹RF − 𝐸IC(𝑡), (2)

where 𝐸IC(𝑡) is the image-charge field evaluated at the
surface using the finite-disk kernel. This field modulates
the instantaneous Schottky lowering and thus the emission
current. The field acting on electrons in vacuum is

𝐹dyn(𝑡, 𝑧𝑖) = 𝐹RF − 𝐸SC(𝑡, 𝑧𝑖), (3)

where 𝐸SC(𝑡, 𝑧𝑖) is the vacuum space-charge field pro-
duced by all previously emitted disks located closer to the
cathode. This decomposition avoids double counting: the
image field influences only the emission barrier, while the
vacuum space-charge field governs the longitudinal dynam-
ics after emission. Together with the finite-disk representa-
tion, this provides a consistent time-dependent surface field
for the Fowler–DuBridge emission model.

This configuration is illustrated in Fig. 1. The cathode at
𝑧 = 0 emits thin, expanding charge disks that experience the
transport field 𝐹dyn(𝑡, 𝑧𝑖) in vacuum, while the emission bar-
rier is set by the surface field 𝐹bar(𝑡). The diagram highlights
how the image field acts only at the surface, whereas the vac-
uum space-charge field governs the longitudinal dynamics
after emission.

For calculating the image-charge field at the surface, we
treat it as if each emitted disk produces an image disk of
opposite charge inside the cathode. Evaluated at the surface
(𝑧 = 0+), the total image field is then

𝐸IC(𝑡) = 1
𝜀0𝐴 ∑

𝑗∈𝑃(𝑡)
𝑞𝑗
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exp[−
𝑧𝑗

𝑍mat
] , (4)

where 𝐴 = 𝜋𝑟𝑥𝑟𝑦 is the laser spot area, 𝑧𝑗(𝑡) and 𝑎𝑗(𝑡) are
the height and radius of sheet 𝑗, and 𝑍mat represents the mate-
rial’s finite image-charge penetration depth. The exponential
factor suppresses the image interaction once electrons move
several microns from the cathode.

Figure 1: Field decomposition during photoemission. The
surface field 𝐹bar(𝑡) includes the image-charge contribution,
while electrons in vacuum evolve under the transport field
𝐹dyn(𝑡, 𝑧𝑖). The schematic separates surface barrier effects
from space-charge forces after emission.

Beyond the near-surface region, electrons interact through
the vacuum space-charge field. For a sheet at position 𝑧𝑖(𝑡),
the space-charge field generated by all the other electron
sheets 𝑗 is

𝐸SC(𝑡, 𝑧𝑖) = ∑
𝑗∶𝑧𝑗<𝑧𝑖

𝑞𝑗

𝜋𝑎2
𝑗

1
2𝜀0

⎛⎜⎜⎜
⎝

1 −
𝑧𝑖 − 𝑧𝑗

√(𝑧𝑖 − 𝑧𝑗)2 + 𝑎2
𝑗

⎞⎟⎟⎟
⎠

. (5)

Each disk expands radially due to the intrinsic thermal
momentum spread and space charge forces. Using a ballistic
approximation, the radius evolves as

𝑎𝑗(𝑡) = √𝑎2
0 + (𝑣𝑟𝑡)2, 𝑣𝑟 = √2 MTE

𝑚𝑒
, (6)

where MTE is the mean transverse energy and 𝑎0 is the
initial laser spot radius.

The dynamic net surface electric field obtained from
the finite-disk image-charge model is coupled to a time-
dependent Fowler-DuBridge (FD) emission model. The
instantaneous barrier field 𝐹bar(𝑡) determines the Schottky
reduction of the work function as

Δ𝜙S(𝑡) = √𝑒3𝐹bar(𝑡)
4𝜋𝜀0

, 𝜙eff(𝑡) = 𝜙 − Δ𝜙S(𝑡), (7)

so that the FD photoemission supply becomes

𝐽FD(𝑡) = 𝐴FD [ℎ𝜈 − 𝜙eff(𝑡)]2 exp[− 𝐵
𝐹bar(𝑡)

] 𝐼(𝑡), (8)

where 𝐴FD is a material constant and 𝐼(𝑡) is the laser
temporal profile. This formulation captures how the buildup
of collective image charge increases 𝐹bar(𝑡) and suppresses
emission mid-pulse. When the photon energy falls below



the instantaneous emission threshold, a tunneling factor is
applied using the RF-tilted, image-corrected barrier,

𝑉(𝑧, 𝑡) = 𝜙 − 𝑒𝐹bar(𝑡)𝑧 − 𝑒2

16𝜋𝜀0𝑧 , (9)

with transmission coefficient

𝑇(𝑡) = exp[−2
ℏ ∫

𝑧2

𝑧1
√2𝑚𝑒𝑉(𝑧, 𝑡) 𝑑𝑧] , (10)

so that the emitted current density is

𝐽(𝑡) = 𝐽FD(𝑡) 𝑇(𝑡). (11)

Because 𝐹bar(𝑡) already includes the finite-disk image
field with material attenuation, this closure links microscopic
barrier physics to the macroscopic charge evolution. As emis-
sion proceeds, early electrons enhance the near-surface field,
increasing the Schottky barrier for later electrons and pro-
ducing the self-modulated emission profiles characteristic
of ultrafast, high-charge operation.

EXPERIMENTAL VALIDATION
To validate the time-dependent emission model, we com-

pare its predictions with measurements performed in a 1.6-
cell S-band RF gun operating at ∼120 MV/m with a copper
photocathode under a range of UV illumination conditions,
constructed for the AWAKE run2c experiment [16, 17]. The
UV pulses at 257 nm, derived from a frequency-quadrupled
Yb:KGW system, delivered a few to tens of microjoules to
the cathode with adjustable spot size and pulse duration [18].
The beamline includes a solenoid for emittance compensa-
tion and diagnostics consisting of a YAG:Ce screen, a dipole
spectrometer, and a Faraday cup. Shot-to-shot laser profiles
and energies were monitored and used as inputs to the model.
Electron bunches of typically a few hundred pC were gen-
erated and accelerated to ∼6 MeV at 0.8–10 Hz repetition
rate.

Figure 2 compares the simulated and measured bunch
charge as a function of UV pulse energy for several pulse
durations. The model reproduces the observed sublinear
scaling and the onset of saturation at high laser pulse flu-
ence. Short pulses (265 fs) generate higher peak emission
rates and therefore reach charge clamping earlier, whereas
longer pulses produce weaker instantaneous space-charge
fields and maintain a nearly linear charge-UV pulse energy
relation. The corresponding simulated quantum-efficiency
curves follow closely the experimental trend, indicating that
the collective-field coupling is precisely captured.

The simulations also provide the transient barrier field and
emission current. For the 265 fs pulse, the high peak fluence
causes the image field to rise rapidly to almost 20 MV/m,
suppressing mid-pulse emission and producing an asymmet-
ric current profile that saturates around 700 - 800 pC. For the
1.5 ps pulse, the slower laser envelope limits the image-field
growth to approximately 8–10 MV/m near the pulse peak,
allowing emission to follow the laser shape more closely and
giving an almost linear charge scaling up to ≈ 250 pC.

Figure 2: Simulated (solid lines) and experimental (markers)
of bunch charge vs. UV pulse energy (top) and quantum
yield vs. fluence for deep-UV pulses (bottom) with different
illumination parameters at the photocathode surface.

CONCLUSION AND OUTLOOK
The model presented here provides a fast, self-consistent

description of ultrafast photoemission, capturing the tran-
sient evolution of the surface barrier and the collective image-
and space-charge fields. By resolving these dynamics in
time, the simulations reproduce the measured charge satu-
ration and fluence dependence over a wide operating range,
while also predicting the emission asymmetry [19,20]. This
confirms that the approach captures both microscopic barrier
physics and macroscopic collective effects with low compu-
tational cost.

Looking ahead, this framework will be extended toward
adaptive control of the UV pulse to enable real-time charge
tuning in the FCC-ee injector. Such capability is a key
requirement for stable top-up operation, where precise
bunch-charge regulation must be maintained despite varying
laser and machine conditions [1, 2, 21]. Integrating this
model into the source design workflow will support the
development of high-brightness injectors tailored to the
demands of future collider facilities.
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