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Fiber optic probe of free electron evanescent fields in the optical frequency
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We introduce an optical fiber platform which can be used to interrogate proximity interactions
between free-electron evanescent fields and photonic nanostructures at optical frequencies in a
manner similar to that in which optical evanescent fields are sampled using nanoscale aperture
probes in scanning near-field microscopy. Conically profiled optical fiber tips functionalized with
nano-gratings are employed to couple electron evanescent fields to light via the Smith-Purcell
effect. We demonstrate the interrogation of medium energy (30-50keV) electron fields with a
lateral resolution of a few micrometers via the generation and detection of visible/UV radiation

in the 700-300nm (free-space) wavelength
[http://dx.doi.org/10.1063/1.4876395]

Light usually takes the form of propagating waves but
can also exist in evanescent form under certain conditions.
In near-field optical microscopy, imaging resolutions far
beyond the diffraction limit are achieved by sampling these
fields through nano-scale apertures. The technique is now in
widespread use following its first demonstration almost thirty
years ago' and continues itself to be the subject of research,
with novel variants on the concept continuing to emerge.”™
Indeed, general interest in the physics of optical evanescent
fields has grown substantially in recent years, most notably
in the context of “perfect/super-lenses,”> optical forces,” "'
and the entire field of plasmonics and photonic
metamaterials.'*™"

Moving free electrons also carry exponentially decaying
“evanescent” fields'®'® that may interact with nanostruc-
tures in the same manner as optical evanescent fields. The
limited awareness of these electron fields is mainly derived
from the fact that they decay on the sub-optical-wavelength
scale (except in the case of highly relativistic electrons'**°),
making experimental studies based on the visible/near-infra-
red frequency components of such fields extremely challeng-
ing. Indeed, while the nanoscale range of low/medium
energy electron evanescent fields has provided for the emer-
gence of electron-induced radiation emission (EIRE) and
electron energy loss (EELS) spectroscopy techniques for
probing and mapping the photonic and plasmonic properties
of nanostructures,lg’m_24 it places constraints on the experi-
mental geometry in such studies and on the utility of free-
electron pumping in applications such as nanoscale tunable
light sourcing.>™

Here, we report on an experimental platform using a
tapered optical fiber geometry (Fig. 1) akin to those
employed for sampling evanescent light fields in near-field
optical microscopy, which enables the study of proximity
interactions between free electrons and nanophotonic
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structures mediated by the aforementioned exponentially
decaying field at optical frequencies. As a proof-of-principle,
in the present study, the evanescent fields of medium energy
free electrons are diffractively decoupled into propagating
fiber modes by a nano-grating. In the context of EIRE spec-
troscopy, such fiber probe tips may act simultaneously as a
substrate for target nanostructures and a close-coupled (i.e.,
near-field) collector for the light generated, eliminating the
need for independent light-collection optics, which are
highly positionally sensitive (requiring precise alignment of
optical and electron beam foci in three dimensions) and in-
trusive (often compromising electron beam working distance
and therefore achievable spot size at sample).

A free electron moving at a velocity v carries a time-
varying electromagnetic field that can be described using
Maxwell’s equations.'®'® In cylindrical coordinates, the
transverse and longitudinal components of this field are pro-
portional to K;(wx/vy) and inKO(wx/vy) where K, and K;
are the modified Bessel functions of the second kind, w is
the frequency of the electromagnetic field, x is the distance
from the electron, and y is the Lorentz factor.'"® The

fiber tip

nano-grating

FIG. 1. (a) Artistic impression of an optical fiber probe for electron evanes-
cent fields: light is generated via the Smith-Purcell effect as free-electrons
pass a nano-grating on the end facet of a conically tapered, metal-coated
fiber tip. (b) Electron microscope image of a 256 nm period grating (6 nm
as measured from electron microscope images) fabricated by focused ion
beam milling on the end facet of a Cr-coated truncated conical fiber probe
tip (cone angle = 78°).
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dispersion of the field is given by w =vq where ¢ is the
wave vector component in the propagation direction. This
implies that the electron’s field remains evanescent unless
the speed of light in the surrounding medium is less than the
electron velocity, in which case Cerenkov radiation will be
generated,?® or unless additional momentum is provided via
scattering at an optical inhomogeneity, leading in the specific
case of a grating to so-called diffraction'® or Smith-Purcell
(SP) emission.”®?® The SP mechanism is well-understood
and readily applied to medium-energy electrons using low-
index optical media and is therefore employed in the present
study as a controlled means of coupling electron evanescent
fields to propagating guided modes in an optical fiber probe.
A grating with a period d provides additional parallel
momentum in integer multiples (n) of its reciprocal lattice
vector, 27/d, to incoming electromagnetic waves, leading to
diffraction phenomena. The same applies to free electron
evanescent fields, which have a modified dispersion
w=v[q+2nn/d]. Some portion of the electromagnetic
energy can thus be decoupled into propagating waves when
the parallel momentum is smaller than that of light in free
space: |w/v — 2nn/d| < w/c. This condition leads to the angu-
lar dispersion of so-called Smith-Purcell emission

d /1
),:;(B—cos()), (D

where ff =v/c is the velocity of electron relative to the speed
of light, and 0 is the angle between the direction of light
emission and the electron propagation direction.?’ Thus, the
wavelength of light emitted in a given direction can be tuned
by varying the grating period or the kinetic energy of inci-
dent electrons. Indeed, on the basis of its scalability and
broad tunability (experimental observations extend from
ultraviolet to microwave wavelengths>*") the Smith-Purcell
emission mechanism has been regarded as a promising basis
for compact free-electron-lasers®' * and non-destructive di-
agnosis of the spatial coherence lengths of pico- or femtosec-
ond electron bunches in accelerator facilities.

In the present study, nano-gratings with a period of
256 nm were used to generate first- and second-order SP emis-
sion in the UV-visible part of electromagnetic spectrum from
electrons with energies in the 30-50keV range (the beam of a
scanning electron microscope—SEM, operating in fixed-spot
mode) passing the probe tip as illustrated in Fig. 1(a). Nano-
gratings are formed on the end facets of optical fibers with a
truncated conical profile, which provides for the probe tips to
be positioned within the evanescent range of the electron
beam waist without the bulk of the fiber clipping the incident
beam, while emitted light is collected via the fiber.

Probes were prepared from standard multi-mode optical
fiber (Thorlabs, SFS50/125 Y; 250-1200nm; 0.22 NA) by
laser cleaving, to form a conical tip, and focused ion beam
(FIB) milling, to create a flat, smooth surface 5-10 ym in di-
ameter. A 40 nm thick chromium film was then deposited on
the fiber by electron-beam evaporation and patterned by FIB
again to form a grating as shown in Fig. 1(b) (the grating
lines being milled through the full depth of the Cr film). In
the SEM, the fiber is aligned such that the trajectory of the
electron beam (waist diameter ~50nm; electron energy
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30-50keV; beam current 1-20nA; dwell time 10 s) runs par-
allel to the end facet of the fiber probe and perpendicular to
the grating lines as shown in Fig. 1(a). Light generated in the
surface-normal direction is collected by the fiber and deliv-
ered to a spectrometer equipped with a liquid-nitrogen-
cooled CCD array detector.

Figure 2(a) shows the emission spectrum for 38 keV
electrons passing a nano-grating probe tip along a fixed tra-
jectory with a grazing impact parameter (nominally equal to
the beam radius, i.e., within available accuracy of SEM
imaging and spot-mode beam targeting, as close as possible
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FIG. 2. (a) Emission spectra for 38keV electrons (beam current 6.15nA)
moving along a grazing trajectory over a flat, unstructured, 40 nm thick chro-
mium layer (dashed line) and a 256 nm period grating formed in an identical
Cr film (solid line) on truncated conical fiber probe tips (for clarity the spec-
tra are offset vertically by 1000 counts). The inset shows detail of the feature
at ~350nm in the grating spectrum. (b) First- and second-order SP emission
wavelengths as a function of electron energy. Data points denote experimen-
tal measurements while the solid lines are derived from Eq. (1). (c) and (d)
Detail of the first- (c¢) and second-order (d) SP emission features for a selec-
tion of electron energies in the range between 30 and 50keV (grazing impact
parameter; beam current 5-8 nA) in spectra normalized to the adjacent silica
cathodoluminescence peak (main panels) and series of reduced spectra with
the CL background subtracted (right, each labeled with beam energy and
peak wavelength).
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without impacting primarily on the side wall of the fiber)
alongside the spectrum for an unstructured region of the
Cr-coated fiber tip. The two major peaks at 480 and 650 nm
in both spectra relate to cathodoluminescent (CL) emission
of silica and their positions do not change with electron
energy. However, the features seen only in the grating spec-
trum at around 680 and 350 nm correspond, respectively, in
good agreement with Eq. (1), to first- and second-order
Smith-Purcell emission in the surface normal (0 =90°)
direction.

The spectral positions of these SP emission lines are
found, again in accordance with Eq. (1), to depend on elec-
tron energy. Figures 2(c) and 2(d) show the evolution of the
first- and second-order SP spectral features for electron ener-
gies between 30 and 50keV, in each case in the form of a set
of measured spectra normalized to the adjacent silica CL
peak and reduced spectra (with the CL background sub-
tracted) from which SP peak positions are derived via
Gaussian fittings. These are plotted in Fig. 2(b) alongside
theoretical curves for the two emission orders from Eq. (1).
The expected blue shift with increasing electron energy and
the excellent quantitative agreement between experiment
and theory are clearly seen.

Figure 3 shows peak emission intensity as a function of
electron beam current for representative first- and second-
order SP peaks. The direct linear proportionality indicates
that light is generated in the spontaneous (as opposed to
super-radiant) SP emission regime.32 Finally, measurements
of emission intensity as a function of impact parameter, such
as shown inset to Fig. 3, are found to be consistent with the
exponentially decaying nature of the moving free electrons’
evanescent electromagnetic field. The efficiency of emission
into the fiber is estimated, based on the throughput and
detection efficiencies of the light collection system, to be of
order 10~° photons per incident electron for first order SP
radiation at 40keV, and ~10~7 photons/electron for the sec-
ond order.

In summary, we have demonstrated that interactions
between the optical frequency components of free electron
evanescent fields and photonic nanostructures can be interro-
gated using a fiber-optic probe reminiscent of those
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FIG. 3. SP emission intensity as a function of electron beam current for the
first order at 30 keV (peak wavelength 767nm) and the second order at
40keV (344nm) with grazing impact parameters. The inset shows the
30keV first order SP emission intensity as a function of impact parameter x
(beam current =9.77nA). An exponential fit of the form Aexp(—4nx/fyl) is
shown, where A = 853.33.
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employed to sample evanescent light fields in scanning near-
field optical microscopy—a conically tapered tip with a sam-
pling aperture 5-10 um in diameter, functionalized, in the
present case, with a nano-grating that couples electron evan-
escent fields to UV/visible light in the fiber. This fiber-based
geometry can serve as a flexible platform for nanophotonic
EIRE spectroscopy, providing advantages over existing geo-
metries by integrating samples (in place of the nano-grating)
directly with a photonic waveguide for the collection of light
generated via any form of sample-beam interaction. The
fiber platform also allows for straightforward integration of
external light sources, providing the possibility of extended
light/matter/free-electron interaction lengths applicable, for
example, to novel geometries for electron energy loss/gain
spectroscopies®®>’ and the acceleration of electrons with
intense optical fields.***° One may also envisage new forms
of compact, tunable, fiber-coupled UV-VIS light sources,
even single photon sources,*” driven by chip-scale free-elec-
tron emitters.*'*?
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