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Radio-frequency (rf) photoemission electron guns operating at higher accelerating gradients offer a
pathway to produce brighter electron bunches. Brighter beams are expected to revolutionize many areas
of science: they could form the backbone of next-generation compact x-ray free-electron lasers or
provide coherent ultrafast quantum electron probes. We report on the experimental demonstration of an
rf photoemission electron source supporting an accelerating field close to 400 MV=m at the photo-
cathode surface without major rf breakdown or significant dark current over a 3-week experimental run.
This unprecedented gradient was achieved by operating the gun in a new regime with short rf pulses, ∼9 ns
X-band (11.7 GHz). The demonstrated paradigm provides a viable path to form relativistic electron beams
with unprecedented brightness.
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Charged-particle accelerators have been invaluable
engines of discovery in fundamental sciences since their
inception in the early 20th century. Bright electron beams
have enabled the development of accelerator-based light
sources, i.e., free-electron lasers (FELs), capable of produc-
ing coherent radiation over a broad range of the electromag-
netic spectrum [1]. Additionally, directly employing bright
electron beams as primary probes, e.g., in ultrafast electron
scattering, has produced groundbreaking research in con-
densed-matter physics and chemistry [2]. A critical aspect to
the generation of bright electron beams is the rapid accel-
eration of the bunch during the emission process to mitigate
space-charge effects. Specifically, the beam peak brightness
B ¼ q=Γ, where q is the bunch charge and Γ its six-
dimensional phase-space volume, scales with the electric
fieldEa experienced during emission at the emitter surface as
B ∝ Eα

a where the exponent α ≥ 1 depends on the bunch’s
initial transverse-to-longitudinal aspect ratio [3,4].
Normal-conducting radio-frequency (rf) photoemission

electron sources [5,6] (“rf guns”) invented in the mid 80s

support high electric fields that ultimately boosted the
development of x-ray FELs [7]. The highest field an rf
resonator can sustain is ultimately limited by the peak
surface field E0 on its walls. The performances of high-
gradient electron sources (E0 > 200 MV=m) designed in
recent years [8–10] have been hindered by rf breakdown—
a phenomenon where the material is ejected from the
surface of the resonator thus momentarily preventing the
storage of electromagnetic energy in the cavity [11].
Besides, these sources often exhibit substantial dark-
current emissions due to the spurious uncontrolled emis-
sion of electrons via quantum tunneling from the surfaces
exposed to the high electric fields [12]. In this paper, we
demonstrate that the use of short-pulse electromagnetic
fields offers a viable path toward the generation of GV=m
surface fields in metallic accelerating structures. We spe-
cifically confirm the attainment of > 0.5 GV=m electric
field on the copper surface of a resonant cavity operating at
11.7 GHz and powered by 9-ns rf pulses. The surface field
is calculated by measuring the energy of the electron
bunches photoemitted by impinging an ultraviolet laser
pulse on the surface. The required high-peak-power short rf
pulses are produced via deceleration of a train of relativistic
electron bunches (∼60 MeV) in a slow-wave structure.
Over the past two decades, experimental investigations

have shown that the rf-breakdown process in structures
operating at room temperature is predominantly corre-
lated with the surface electric field and the rf-pulse width
[13–16]. A phenomenological model based on experi-
ments conducted with rf-pulse duration τp ∼ ½100; 1000� ns
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suggests that the breakdown rate (BDR) follows the power
law BDR ∝ E30

0 τ5p, [15,17,18]. The latter equation implies
that for a given BDR, an increase in the field amplitude E0

can be accommodated by shortening the rf-pulse duration.
Despite this well-known scaling law, this approach has not
been extended to the sub-100 ns region and is the basis of
the present work. Another benefit of the short rf pulses is
the mitigation of the average dark current, i.e., the total
charge emitted from the structure via mechanisms other
than photoemission (i.e., field emission). In our case, the
acceleration field only lasts for 9 ns so the average dark
current is orders of magnitude smaller than in conventional
guns powered by μs rf pulses.
To investigate the generation of short-pulse high electric

fields using high peak–power short rf pulses, an X-band
rf (XRF) photoemission gun was designed [19]. The gun
consists of a 1þ 1

2
-cell resonator functioning on the TM010;π

mode at 11.7 GHz; see Fig. 1(a). It is a strongly overcoupled
resonator resulting in a low loaded quality factor (Ql ≃ 180),
thus rapidly establishing the rf field inside the cavity. Thegun
is made of oxygen-free copper using conventional fabrica-
tion techniques combining high-precision machining and
hydrogen-furnace brazing. A broadband coaxial rf-input
coupler is used to ensure the field distribution remains
axisymmetric and ultimately maximize the beam brightness.

The iris disk located between the two cells incorporates four
magnetic coupling slots that increase both the rf coupling
between cells and the frequency separation from the neigh-
boring resonant TM010;0 mode. Figure 1(b) compares the
simulated peak field on the photocathode for the XRF gun
being driven by long (τp ¼ 100 ns) and short (τp ¼ 3 ns) rf
pulses and reveals that themaximum field amplitude attained
in the transient regime is 67% of the steady-state field (i.e.,
reached after time t ≃ 30 ns). The advantage of operating the
gun in the short-pulse mode, as opposed to the long-pulse
mode, is that the photocathode experiences the field for
1=10th the time. This, in turn, leads to the ability to operate
the gun at a higher gradient with a simultaneously lower dark
current.
The XRF gun was integrated into the Argonne Wakefield

Accelerator (AWA) [20]. The AWA includes an L-band
(fL ¼ 1.3 GHz) rf photoinjector that produces an electron
beam arranged as a train of eight high-charge electron
bunches separated by TL ¼ 1=fL ≃ 769 ps. The bunch train
(with total charge Qdb ≤ 400 nC) is further accelerated in a
linear accelerator to a final energy of ∼60 MeV before
being transversely focused in a power-extraction and trans-
fer structure (PETS) to excite high peak–power rf pulse at
f ¼ 9fL ¼ 11.7 GHz [21]. For the experiment reported
below, the rf-pulse power was ∼250 MW (and occasionally
up to 300 MW) with a typical rf pulse shape displayed in
Fig. 1(b), inset. The rf pulses were outcoupled from the
PETS and guided to the XRF gun collocated to the AWA
accelerator; see Fig. 1(c). Owing to the 2-Hz repetition rate
of the AWA facility, only a few Watts of average rf power is
dissipated in the XRF gun despite operating in such a high
peak–power regime, thus no water cooling is required.
The XRF gun is nested in a magnetic solenoidal lens

that provides control over the beam transverse size and
eventually maximizes the beam brightness [22,23].
The downstream beamline includes remotely insertable
Ce∶YAG scintillating screens to measure the transverse
beam distribution and one integrated current monitor (ICT)
for bunch-charge measurement. One of the screens (X4) is
located at a high-dispersion point downstream of a dipole
magnet for energy measurement. The bunches are gener-
ated by impinging an ultraviolet (UV) laser pulse
(≤ 200 μJ) split off from the ∼4-mJ laser pulse producing
the high-charge drive bunches. The low-intensity pulse is
sent to the experimental area (from mirror M1) after
propagating in a ∼30-m optical line with imaging lenses
and a coarse delay that ensures the laser pulse impinges the
photocathode within ∼2 ns of the rf-pulse injection in the
XRF gun. In the experimental area, the laser path comprises
a fine adjustable optical delay line (M3-M4) with a range of
�2 ns, along with a set of lenses (L1, L2) to focus the beam
on the photocathode. The laser enters the evacuated XRF-
gun beamline where an in-vacuum mirror (M6) directs the
pulse on the backplane of the XRF gun which serves as a
copper photocathode; see Fig. 1(a). The UV laser on the

(a)

(c)

(b)

FIG. 1. Schematic of the XRF gun (a) and simulated peak field
on photocathode (b) for a short (τp ¼ 3-ns, solid trace) and long
(τp ¼ 100-ns, dash trace) flattop 300-MW peak power rf pulse
(the inset details the forward power PFWD rf-pulse profile with
3-ns rising and falling edges). Overview of the experimental setup
(c): the upper (magenta) path corresponds to the relevant section
of the AWA main accelerator and the lower (green) path is the
XRF gun beamline. The pink path shows the UV laser path. The
labels Xi, Mi, and Li, respectively, refer to Ce∶YAG scintillating
screens with CCD cameras, optical mirrors, and lenses.
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photocathode has a uniform distribution with a radius of
400 μm with a ∼400-fs duration.
The XRF gun was conditioned to photocathode fields

E0 ≃ 350 MV=m deduced from the measured forward rf
power. Figure 2(a) shows the rf-conditioning history with
the evolution of the field amplitude as a function of the
number of rf pulses. The latter figure also reports the ratio
of the measured over simulated peak values of the reflected
power signal. A value of R ¼ 1 implies there are no rf
breakdowns (or dark current–induced beam loading). Due
to the nonideal charge balance of the drive bunch train,
the forward-power flattop duration was τp < 3 ns. In the
simulation, we used the measured charge balance com-
bined with the frequency-domain bench measurements
of the XRF gun to calculate the input and reflected rf
pulse shapes. From Fig. 2(a), we observe three con-
ditioning regions: First, for values E0 ≤ 150 MV=m, the
field increases monotonically with R ≃ 1. Then, at E0 ≃
150 MV=m, the ratio R ≤ 1 and decreases until it reaches
its minimum for fields E0 ≃ 250 MV=m due to breakdown
event and dark-current emission. Eventually, the XRF gun
is conditioned and a value R ≃ 1 is recovered for E0 ≃
350 MV=m (after 5 × 104 rf pulses, with forward power
PFWD ≃ 250 MW corresponding to Qdb ≃ 350 nC). At the
time of the conditioning, the maximum field amplitude
attained was capped by the available rf power. The entire
conditioning process took only 7 × 104 pulses (i.e.,∼10h at
2-Hz repetition rate). Ultimately, the field was set to
E0 ≃ 200 MV=m, to confirm the absence of any additional
breakdown events or dark-current emissions. Subsequently,

the XRF gun was operated up to ∼400 MV=m during the
photoemission experiment and no dark current could be
detected on the ICT or Faraday cup. We resorted to use the
pixels noise level associated with the data recorded at X1
while scanning the solenoid magnetic field to estimate an
upper bound value of ∼1 pC for the dark-current charge
emitted over the entire rf pulse. This estimate assumes the
number of electrons is proportional to the light intensity in
each pixel which was a priori calibrated against the ICT for
the photoemitted beam. Likewise, the accumulated statis-
tics over ∼500; 000 shots gives a conservative upper limit
for the BDR of 10−5.
After conditioning, the UV laser pulse was injected into

the XRF gun. Coarse and fine timing scans were performed
to find the optimal injection time of the laser pulse into the
rf pulse. The coarse scans were performed by adjusting the
optical delay of the incoming laser to vary its launch phase
φ0 over several rf cycles. During these “phase scans,” the
field experienced during emission varies as Ea ¼ E0 sinφ0

and the photoemitted charge is recorded leading to the
localization of several rf buckets. Subsequently, fine scans
were performed over the emission period φ0 ∈ ½0; 360�° as
shown in Fig. 3(a) and confirmed the photoemission of
bunches with charges up to q ¼ 60� 25 pC. The evolution
of the emitted charge is also characteristic of Schottky-
assisted photoemission resulting from the lowering of
the potential barrier in presence of applied high electric
fields at the photocathode surface [24]. The ASTRA beam-
dynamics program [25] was employed to simulate the phase
scan. The simulation without accounting for the Schottky
effect shows the phase scan follows a plateau-shaped dis-
tribution with a slight dip for φ0 ∈ ½50; 100� attributed to
particle loss on the iris aperture. However, including the
Schottky effect using a model where the charge of the N
macroparticles representing the bunch in ASTRA scales as
qm ¼ q=N þ ξ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E0 sinφm
p

, where φm ≡ φ0 þ 2πft is the

FIG. 2. rf conditioning history of the XRF gun (a) where the
photocathode peak field E0 was gradually increased (blue circle)
and the ratio of the peak value of the measured to simulated
reflected rf signals, R, recorded (orange square). The upper plots
(b)–(d) compared the measured (dash red trace) and simulated
(green solid trace) rectified rf-reflection signals at different stages
of the conditioning history indicated with the dash vertical lines.

FIG. 3. Measured bunch charge as a function of laser-launch
phase (circles with shaded area giving the uncertainty) compared
with ASTRA simulations with (solid line, Schottky-strength
parameter set to ξ ¼ 2 × 10−3) and without (dash line, ξ ¼ 0)
including the Schottky effect. The inset (b) gives the transverse
beam distribution on a 10 × 10 mm2 area at X1 for φ0 ≃ 95° with
associated projections (solid lines).
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emission phase of the mth macroparticle and ξ controls the
strength of the Schottky effect, produces a simulated phase-
scan distribution with similar features as on the measured
scan [see Fig. 3(a)]. The transverse beamdensitymeasured at
X1 appears in Fig. 3(inset b).
The kinetic energy downstream of the gun was measured

using the scintillating screen X4 located downstream of a
dipole magnet. The beam is first aligned on the reference
orbit using the scintillating screens X2 and X3 and
uncertainties on the incoming reference trajectory limit
the energy resolution to ΔK=K ≃ 1.7 × 10−2. The kinetic
energy is a bivariate function KðE0;φ0Þ obtained by
solving a set of coupled ordinary differential equations
[26,27]. We used ASTRA to numerically compute the
function KðE0;φ0Þ over a 28 × 86 two-dimensional grid
for E0 ∈ ½315; 450� MV=m and φ0 ∈ ½45°; 130°�. A spline-
interpolated function KðE0;φ0Þ was then used to calculate
the value of E0 given the measured kinetic energy and
operating phase φ0. The contour plot of KðE0;φ0Þ and
inferred fields values appear in Fig. 4. The area enclosed by
two kinetic-energy isoclines and two vertical lines of
operating phase, obtained via error propagation of the
energy-measurement and launch-phase uncertainties, pro-
vide the error region of the calculated field with its upper
and lower error bounds. The result of such an analysis
confirms that the maximum peak field attained during our
experiment was E0 ¼ 387.76þ44.63

−35.88 MV=m corresponding
to a surface field at the iris of 1.55E0≃601.03þ69.18

−51.61 MV=m.
These field strengths were consistently reached over
extended periods during the 3-week experimental run.
Figure 5(a) displays a waterfall plot of stacked energy

spectra for successive shots acquired over a 15-min period.
The data reveal the kinetic energy jitter over the period to be
ΔK
K ≃ 1.4% (rms) and consist of a shot-to-shot jitter super-
imposed with a long-term (∼5 min) drift. The latter slow

oscillation appears to be partially correlated to the drive-
beam charge fluctuation [see Figs. 5(a) and 5(b)]. During
our experiment, the drive-beam charge relative fluctuation
was ΔQdb

Qdb
≃ 4.9% (rms) and the bunch charge photoemitted

from the XRF gun was q ¼ 86.2� 16.1 pC; see Figs. 5(e)
and 5(f). The XRF-gun charge jitter is dominated by phase
and amplitude jitters due to the drive-beam jitter and drift
which impacts Qdb; see Fig. 5(d). The overall stability of
the XRF gun is limited by the current experimental
configuration. Removing long-term drift indicates that
the Qdb has a shot-to-shot jitter of 4.7% compared to the
UV-laser energy jitter on the drive-beam photocathode.
In conclusion, we demonstrated the generation of rela-

tivistic (∼3 MeV) electron bunches from an ultrahigh
gradient X-band rf gun powered by nanoseconds rf pulses.
The gun supports photocathode fields E0 ∼ 400 MV=m—
i.e., ∼3 times larger than reliably attained in previous
setups—without any observable breakdown or detectable
dark current. Such an accomplishment confirms that power-
ing accelerating structures with short rf pulses provide a
viable path to establish GV=m peak electric fields for
generating bright ultrarelativistic electron bunches with
applications to advanced accelerators and compact light
sources.

FIG. 4. Simulated kinetic-energy isoclines as a function of
rf-gun operating conditions KðE0;φ0Þ and retrieved operating
points (“þ” symbols) for four measurements. The labeled
isoclines give the kinetic energy in MeV units. The shaded areas
represent the uncertainty on the measured φ0 and inferred E0

values (reported in the legend in MV=m units).

FIG. 5. Waterfall plot of measured energy spectra density λ over
853 shots (a) with associated drive-beam charge transmitted
through the PETS (b), and corresponding bunch charge photo-
emitted from the XRF gun (c). Plots (d)–(f) are the associated
histograms. The dashed trace in (a) is a spline interpolation of the
slow drift which is superimposed as a dashed curve in (b) after
applying an affine transformation.
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