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We present the design of a back-illuminated photocathode for electron diffraction experiments
based on an optical fiber, and experimental characterization of emitted electron bunches. Excitation
light is guided through the fiber into the experimental vacuum chamber, eliminating typical align-
ment difficulties between the emitter metal and the optical trigger and position instabilities, as well
as providing reliable control of the laser spot size and profile. The in-vacuum fiber end is polished
and coated with a 30 nm gold (Au) layer on top of 3 nm of chromium (Cr), which emits electrons
by means of single-photon photoemission when femtosecond pulses in the near ultraviolet
(257 nm) are fed into the fiber on the air side. The emission area can be adjusted to any value
between a few nanometers (using tapered fibers) and the size of a multi-mode fiber core (100 um or
larger). In this proof-of-principle experiment, two different types of fibers were tested, with emis-
sion spot diameters of 50 um and 100 um, respectively. The normalized thermal electron beam
emittance (TE) was measured by means of the aperture scan technique, and a TE of 4.0 = nm was
measured for the smaller spot diameter. Straightforward enhancements to the concept allowed to
demonstrate operation in an electric field environment of up to 7 MV/m. Published by AIP
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Ultrafast electron diffraction (UED) is a highly success-
ful technique for structural dynamics investigation of phase
transitions, electron-phonon coupling, and chemical reac-
tions."™ Metal photocathodes are currently the most com-
monly employed electron sources due to their robustness,
ultrafast temporal response, and compatibility with high
electric fields. They provide sub-picosecond electron pulses
with coherence lengths up to a few nanometers. Extending
this technique for tracking ultrafast structural changes within
large unit cell systems like protein crystals requires maximi-
zation of beam brightness, by reducing the thermal emittance
(TE) of the source, and increasing the pulse charge. One of
the most straightforward ways for achieving the former is
reducing the electron source size while maintaining the
beam parallelism. The conventional method of focusing the
triggering laser onto a large-area planar photocathode is sub-
ject to the spatial constraints of high voltage electrodes and
makes these requirements difficult to achieve. Our approach
evades this issue by directly coating a thin photocathode on
the face of an optical fiber, through which the triggering
beam is propagating (Figure 1(a)). This allows precise and
stable control of emission area, beam profile, and pulse
length by optimizing the parameters of the fiber itself, rather
than by controlling or shaping the triggering laser beam.
While the idea of using a fiber has been presented
before,'%!? these attempts used an etched fiber tip'*~'® fea-
turing a semiconductor coating, wherein the optical trigger-
ing has been done externally, without exploiting the
waveguiding of the fiber, and an optical alignment was still
needed. In our previous paper,'® we presented optically
induced Schottky emission from a fiber tip. In this letter, we
prove the functionality of the fiber photocathode concept in
the photoemission mode, with target applications in low
energy compact DC setups.
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Two different types of fibers were tested here, with mode
field diameters of 50 um and 100 um, respectively, and differ-
ent material properties as discussed below. Two different
experimental setups were used, the first for surface electric
fields of up to 1 MV/m, and the second for fields of up to
7MV/m. In the low electric field setup, which will be dis-
cussed first, a laser wavelength of 257 nm (4th harmonic of a
Yb:KGW  regenerative amplifier at 1030nm (Light
Conversion PHAROS)) was used, with a pulse duration of
170 fs at 1kHz repetition rate. As opposed to our previous
work,'® the fiber tips are no longer tapered but cut off straight
and attached to a special metallic fiber plug which is then pol-
ished and coated with a 30 nm thick Au layer on top of a 3 nm
adhesion layer of Cr (Figure 1(a)). The emission area in this
configuration is given by the size of the optical fiber core.
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FIG. 1. (a) Sketch of the fiber-based photocathode. The emission area is
equal to the core size of the fiber in use; (b) General sketch of the experi-
mental setup. Voltages and geometry differ among the measurements, cru-
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FIG. 2. (a) Measured emitted electron current as a function of the laser
power (black squares) and a power-law fit (red line) for the 100 um fiber; (b)
electron beam intensity at the screen position as a function of the laser power
(black squares) and a power-law fit (red line) for the 50 um fiber.

At this wavelength, solarization of the fiber through
color center formation' ™' is significant. The 100 um fiber is
a solarization-resistant polyimide coating fiber, while the
50 um fiber is a standard multi-mode fiber as used in near-
field scanning optical microscopy (NSOM) experiments.?’*!
Our optical transmission measurements revealed that a sig-
nificant fraction of the input laser power is lost in both of the
two fibers, with a slightly better transmission for the solariza-
tion resistant 100 um fiber.

The photocathode fiber, coated with 30nm Au on 3 nm
of Cr, was placed inside the vacuum chamber at a base pres-
sure of 5 x 107° mbar, and the emission current was mea-
sured as a function of the laser power. As shown in Figures
2(a) and 2(b), for both fibers, the emitted current scales line-
arly with the applied laser power, suggesting single-photon
photoemission as being the predominant electron emission
mechanism. For the 100 um fiber, the current was directly
measured using an electrometer connected to the photocath-
ode metal; the result is shown in Figure 2(a). An average
emission current between 1 and 8 pA was measured, corre-
sponding to 8000 to 44 000 electrons per bunch, and a quan-
tum efficiency (QE) of the Au layer on the order of 1077,
which is in accordance with the values typically reported in
the literature. For the 50 um fiber (Figure 2(b)), the average
emission current was too low to be measured directly.
Instead, the intensity of the electron beam was measured
using a microchannel plate (MCP) detector. The results are
shown in Figure 2(b). The main reason for the low emission
current is the low laser power that reaches the emitter
because of the solarisation of the fiber.

Besides the bunch charge, the main quantity of interest
to assess the suitability for next-generation electron diffrac-
tion experiments is the transverse emittance, which is con-
served along the beam line and defines the coherence length
that can be achieved at a given transverse beam size. For
this purpose, we used the aperture scan technique, where a
1 um wide slit aperture (1 mm long) laterally scans the
beam along its narrow direction x. The beam width oy is
measured through the dependence of the transmitted current
on the slit position. By observing the image of the transmit-
ted beam on the MCP detector placed in the far field, the
angular spread gy at a given slit position can be inferred.
Combining both allows to calculate the normalized emit-
tance defined as
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FIG. 3. Measurement results for a 50 um core size fiber-based cathode. (a)
Integrated beam profiles along x as measured on the screen, shown for dif-
ferent positions of the scanning slit (dots), along with fits assuming a homo-
geneous emission surface (solid lines); (b) intensity profile of the electron
beam at the slit along x, determined from the integrated intensity on the
screen as a function of slit position. The data points corresponding to the
plots in (a) are marked by circles.
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€ms = —— X 040y, (1)
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where the prefactor comprises the electron momentum along
the z-axis p, as given by the acceleration voltage, the elec-
tron mass m, and the speed of light c.

Using this technique, the emittance was measured for
each of the two fiber types presented above. For the 50 um
core diameter fiber, the cathode was biased at
Vace =—200V, while the slit aperture was grounded and
placed 1 mm downstream. The MCP front plate (the detector
in Figure 1(b)) situated at a distance dgii of 95 mm away
from the fiber was biased at +80 V.

In Figure 3(a), the profile of the beam going through the
slit aperture is shown at the screen position for different slit
positions. As the slit acts as an imaging pinhole, the peak
shape is given by a one-dimensional projection of the homo-
geneous (top-hat) emission profile (supplementary material,
Fig. S1). A corresponding fit is applied, and a local angular
spread gy is determined from the RMS width of the beam on
the screen when the slit is centered on the intensity peak of
the beam. The beam profile at the aperture position is shown
in Figure 3(b). It exhibits a Gaussian shape with a RMS
width of gy = 42 um, as determined by applying a Gaussian
fit. The resulting normalized emittance for the 50 um fiber is
€ms =4.0 © nm. This value is on a par with state-of-the-art
externally illuminated cathodes®” and very good when com-
pared to earlier results™® > or to the theoretical prediction
made by the three-step model for photoemission.?® The
transverse coherence length of the electron bunch at the slit
position can be estimated from the measured emittance and
beam size using the relation**?’

Ly=— =— x> 2)
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Using this equation, we obtain Ly = 4.1 nm.

For the 100 um core diameter fiber, a similar measure-
ment was carried out, at a higher acceleration voltage of
Vace = —1500V and a slightly changed geometry (see the
supplementary material for details). Distribution RMS
widths of gx = 63 um and oy = 3.4 mrad were found, yield-
ing a normalized emittance of €., = 16.4 © nm and a coher-
ence length of Ly = 1.5 nm. This larger value was expected,
given the larger fiber core size, and hence the emission area.
Furthermore, a more inhomogeneous emission pattern was
found, assuming a Gaussian instead of top-hat shape led to
satisfactory fits (supplementary material, Figure S2).

Finally, we embedded our fiber-based photocathode
inside a bulk cathode structure which is optimized for use
in high extraction fields as typically employed in compact
DC guns (typically in the keV to hundreds of keV
regimes’ ~*2?®) or radio-frequency (RF) guns ranging into
MeV energies.”’ The feasibility of this arrangement was tested
in a DC electron gun at an acceleration field of 7 MV/m, and
beam energy of 70kV (see the supplementary material for
details). Note that these limits were imposed by the experi-
mental setup used for characterization and are not inherent to
our source concept. Photoemission was triggered using a 100
fs pulsed UV (266 nm) laser source at a maximum average
input laser power of 400 uW. The aperture scan measurements
were performed as before, to infer the electron beam emit-
tance. A normalized emittance of ¢, =30.6 © nm was
obtained, and a mostly uniform emission pattern inferred (sup-
plementary material, Fig. S3). A larger value was expected
compared to the low voltage DC gun measurements; the
higher acceleration field results in a larger excess energy of
emitted electrons due to the Schottky lowering effect, possibly
inducing a significant change on the emittance. The increased
effects of Coulomb interaction may cause additional growth of
the transverse emittance after the emission.

Single-photon ultrafast photoemission was demonstrated
for a back-illuminated photocathode based on a coated opti-
cal multi-mode fiber. Up to 44000 electrons were emitted
per bunch. Using the aperture scan technique, we have mea-
sured beam emittances comparable to what is expected for
metal photocathodes at the given spot sizes, which are deter-
mined by the fiber core size of our system. Moreover, the
feasibility of application to high electric field environments
was demonstrated.

See supplementary material for derivation of the data
analysis (supplementary Figure S1 and corresponding text)
and detailed result plots for the 100 um fiber (supplementary
Figures S2 and S3).

The authors would like to thank Haider Zia and Rolf
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