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Abstract
In this work we demonstrate the generation of a record

low root mean square normalized transverse electron emit-
tance of less than 40 pm-rad from a flat metal photocath-
ode – more than an order of magnitude lower than the best
emittance that has been achieved from a flat photocathode.
This was achieved by using plasmonic focusing of light
to a sub-diffraction regime using plasmonic Archimedean
spiral structures resulting in a 50 nm root mean square
electron emission spot. The emitted electrons show free
electron dispersion with ∼90% of the total kinetic energy
in the transverse direction. Such nanostructured electron
sources exhibiting simultaneous spatio-temporal confine-
ment to nanometer and femtosecond levels can be used for
developing advanced electron sources to generate unprece-
dented electron beam brightness for various accelerator ap-
plications.

INTRODUCTION
High-repetition rate bunched electron beams have numer-

ous applications in various fields such as research in basic
sciences [1], medicine [2] and X-ray generation [3]. Bright-
ness of the electron bunch is a common figure of merit for all
these applications. The brightness of the electron bunch is
increased by reducing the root mean square normalized trans-
verse emittance of the electron bunch at the photocathode
which is expressed in terms of the following [4, 5]:

𝜀𝑛,𝑥 = 𝜎𝑥

√︄
MTE
𝑚𝑒𝑐

2 , (1)

where 𝜎𝑥 is the rms electron spot size, MTE is the mean
transverse energy of emitted electrons, 𝑚𝑒 is the mass of an
electron and 𝑐 is the speed of light.

The emittance at the photocathode can be reduced by
either reducing the MTE of the emitted electrons [6, 7] or
by reducing the electron emission area from the cathode.
The emission area is set by the required bunch charge and
the accelerating electric field or by the smallest spot size
the laser can be focused to, often limited by the diffraction
limit of light. In last few decades, several attempts have
been made to reduce the emittance of the electron bunch
by reducing the emission area of the photocathode by using
nanostructured electron sources [8–10].
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In this work we use plasmonic effects driven at a metal
dielectric interface to generate electron emission from nano-

scale emission area [11]. The coupling of light and sur-
face plasmon polariton results in highly concentrated optical
fields resulting in multi-photon electron emission from a
small sub-100 nm scale emission area. Using the plasmonic
focusing, we achieve a record low root mean square normal-
ized transverse electron emittance of less than 40 pm-rad
from a geometrically flat metal photocathode – more than an
order of magnitude lower than the best the emittance that has
been achieved from a geometrically flat photocathode [12].
This was achieved by using plasmonic focusing of light to a
sub-diffraction regime using plasmonic Archimedean spiral
structures resulting in a 50 nm root mean square electron
emission spot [13].

Such nanostructured electron sources exhibiting simulta-
neous spatio-temporal confinement to nanometer and fem-
tosecond level along with a low emittance can be used for
developing future ordered electron sources to generate un-
precedented electron beam brightness and can revolutionize
stroboscopic ultrafast electron diffraction and microscopy
as well as next generation miniaturized accelerator applica-
tions [14–16].
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Figure 1: Time averaged (a) surface plasmon polariton in-
tensity (𝐼/𝐼0) enhancement with FWHM ≈260 nm and (b)
(𝐼/𝐼0)5 enhancement with FWHM ≈120 nm at the center of
gold Archimedean spiral photocathode obtained with finite
difference time domain simulation using circularly polarized
Gaussian pulse at 4° angle of incidence, central wavelength
of 800 nm and pulse duration of 150 fs as the source of
excitation. 𝐼 is the intensity in the measurement plane and 𝐼0
is the maximum intensity of the incoming excitation pulse
and 𝜆spp = 783 nm.
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10 µm

Figure 2: Scanning electron microscope (SEM) image of
Archimedean gold spiral on the Si substrate with starting
radius (𝑅0) = 12.5 µm.

TIME DOMAIN SIMULATION
The plasmonic Archimedean spiral photocathode (ASP)

was designed using gold for 1.55 eV of photon energy and is
known to focus light to few hundred nanometers. To test the
focussing performance of the ASP, a finite difference time
domain (FDTD) simulation was performed using a commer-
cially available software suite Lumerical [17]. Figure 1(a)
shows the intensity enhancement at the center of the spirals
with full width at half maximum of ∼260 nm. According
to Fowler-Dubridge theory, the current density for 𝑛th order
photoemission is directly proportional to 𝐼𝑛, where 𝐼 is the
intensity of the excitation laser [18, 19]. Figure 1(b) shows
the electron emission spot size from the center of the spi-
rals considering 5th order photoemission. As we can see,
the full width half maximum electron emission spot size is
approximately ∼120 nm or 𝜎𝑥 ∼50 nm.

EXPERIMENTAL DETAILS
The simulated geometry was fabricated using electron

beam lithography. The details of the fabrication procedure
are given elsewhere [20]. Fig. 2 shows the scanning electron
microscope (SEM) image of the fabricated spiral.

After a UHV bake-out at 120°C for one day, fabricated
ASP was inserted into the PEEM. Initially, it emitted only
0.001 electrons per shot when exposed to a pulsed laser with
parameters of 2.5 kW peak power, 150 fs duration, 500 kHz
repetition rate, and 800 nm wavelength, focused to 50 µm
FWHM at a 4° angle. Within 5 minutes, the emission surged
by several orders of magnitude with peak laser power from
0.7 to 2.5 kW. The emission remained stable for days in
a 10−10 torr vacuum. Upon removal and re-insertion after
the UHV bake, reactivation was necessary, suggesting the
‘laser activation’ process removes adsorbates from the gold
emission surface, enhancing photoemission current.

RESULTS AND DISCUSSION
After activation, the spatial distribution of non-linear elec-

tron emission spot size was measured as depicted in Fig. 3(a).
The root mean square (rms) electron emission spot size was
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Figure 3: (a) Root mean square electron emission profile
measured from the center of the ASP using PEEM over wide
range of incident peak pulse power. (b) Logarithmic rep-
resentation of electrons per shot emitted from ASP as the
function of peak laser pulse power. (c) Evolution of experi-
mentally MTE of emitted electrons and (d) Experimentally
determined rms normalized transverse emittance at the cath-
ode as a function of peak pulse power of femtosecond laser
with the pulse length of 150 fs and central wavelength of
800 nm.

found to be ∼50 nm, indicating 5th order non-linearity in
the photoemission process. This 5th order non-linearity was
further supported by measuring the number of electrons per
pulse as a function of peak laser pulse power on a double
logarithmic scale, as illustrated in Fig. 3(b).

Figure 3 (c) shows evolution of experimentally determined
MTE of the emitted electrons as a function of peak laser
pulse power. The measurements were performed by op-
erating PEEM in k-space mode with a sub 8 - mÅ−1 k -
space resolution. A detailed description of the measurement
procedure can be found elsewhere [23]. The MTE of the
emitted electrons is ∼500 meV over a wide range of peak
pulse power. Increase in electron emission spot size and
MTE beyond the peak pulse power of ∼2.5 kW is attributed
to Coulomb interaction as seen in Fig. 3(a) and (c).

Next, using Eqn. (1), we calculate the emittance of
the electron bunch. This is plotted as a function of peak
laser pulse power in Fig. 3(d). Beyond peak pulse power
of ∼2.5 kW, the increase in emittance is attributed to the
Coulomb interaction between the emitted electrons. Be-
low ∼2 kW with less than 0.1 electron/shot the emittance is
nearly constant at ∼50 pm-rad, with the smallest emittance
of 40 pm-rad measured at ∼0.001 electron/shot. These are
the smallest emittances achieved from a geometrically flat
photocathode. At 0.5–1 electrons/shot, the normalized trans-
verse emittance measured was in the range of 70–200 pm
rad respectively.

We plot the 3D distributions of the emitted electrons as a
function of the total kinetic energy vs the transverse momen-
tum in the 𝑥 and 𝑦 transverse directions. The distributions
are cylindrically symmetric in the transverse plane. Fig-
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ures 4 a and b show the 𝑘𝑦 = 0 and 𝑘𝑥 = 0 cross-sections of
this distribution respectively. Electrons are confined within
a free electron parabola given by 𝐸 = ℏ2𝑘2

𝑡 /2𝑚𝑒 as expected.
𝑘𝑡 is the transverse momentum. This parabola is indicated
by the dashed white line in Fig. 4. The electrons closer to
the central axis of the parabola have a smaller transverse
momentum (𝑘𝑥 and 𝑘𝑦) and a larger longitudinal momentum
in the direction of emission. For most electron emitters this
parabola is uniformly filled in, indication a uniform distribu-
tion in the momentum space [24]. However, Fig. 4 shows a
preference for the electrons to be emitted with a preference
towards higher transverse momentum states resulting in a
parabola that is not uniformly filled in the center.

In the past such a dispersion relation from such plasmonic
structures has been attributed to the emission from the Au
(111) surface state which follows the dispersion relation of
𝐸 = ℏ2𝑘2

𝑡 /2𝑚∗, where 𝑚∗ = 0.45𝑚𝑒 [25]. This dispersion
relation is shown by the dashed red lines in Fig. 4. Our re-
sults indicate that the electrons are emitted with a dispersion
relation closer to the free electron parabola than the parabola
with 𝑚∗ = 0.45𝑚𝑒, indicating that the non-uniform distribu-
tion in the transverse momentum space may be due to effects
other than emission from the Au (111) surface state.

One explanation of such a behaviour is the interaction
of the emitted electron with the plasmonic fields as well as
the incident laser pulse. The incident laser pulse excites the
plasmons at the metal-dielectric interface, which travel up
to approximately 20 µm at a velocity of about 0.93𝑐. This
journey takes ∼70 fs, shorter than the duration of the 150 fs
excitation laser pulse. Consequently, the emitted electrons
have the opportunity to interact with both the plasmonic
field and the circularly polarized incident laser pulse. These
interactions may lead to transfer of momentum between
photon/plasmon and the emitted electron [26].

Plasmonic electromagnetic (EM) fields at the center of
the ASP exhibit an electric field oscillating in the z-direction
and a magnetic field oscillating in the azimuthal (𝜙) direc-
tion. Classically, these fields would impart an inward radial
momentum to the emitted electrons, qualitatively resulting
in dispersion relations resulting in a free electron parabola
shown by the white dotted curve in Fig. 4. In addition, in-
ward radial momentum could also result in focusing of the
electrons thereby resulting in strong Coulomb interactions at
a cross-over very close to the surface for more-than-single-
electron-per-shot cases. A comprehensive understanding of
the emission mechanism may necessitate a quantum mechan-
ical analysis for precise quantitative explanations. Further
investigations are underway to determine the exact cause
of such a dispersion and develop a better understanding of
photoemission from plasmonic ASP.

CONCLUSION AND FUTURE WORK
In summary, we have developed and analyzed a

plasmonics-based electron source that is geometrically flat
and exhibits low normalized transverse emittance suitable
for UED/M experiments as well as miniaturized particle
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Figure 4: Total kinetic energy vs transverse momentum
distributions in 𝑘𝑥 and 𝑘𝑦 plane of emitted electrons at peak
pulse power of ∼2.4 kW. The distributions are cylindrically
symmetric in the transverse plane. The white dotted curve is
free electron parabola using the equation ℏ2𝑘2

𝑡 /2𝑚𝑒. The red
dotted curve is plotted using the equation ℏ2𝑘2

𝑡 /2𝑚∗, where
𝑚∗ = 0.45𝑚𝑒. Here 𝑘𝑡 is either 𝑘𝑥 or 𝑘𝑦 .

accelerators. We attained an unprecedentedly low rms nor-
malized transverse electron emittance of less than 40 pm-rad
from a geometrically flat photocathode – a significant im-
provement compared to the best emittance achieved from
geometrically flat cathode. This plasmonics-based electron
source, utilizing IR light, holds potential for various appli-
cations, including high repetition rate UED/M as well as
next-generation particle accelerators.

The dispersion relation correspond to the free energy
parabola with 𝑚∗ = 𝑚𝑒. We suspect this dispersion relation
arises due to the interaction of the emitted electron with
the laser/plasmonic fields leading to momentum transfer in
the presence of nanostructured surface non-uniformities at
the center of the ASP. Interaction of emitted electron with
the plasmonic EM fileds could also impart inward radial
momentum to the emitted electrons potentially influencing
dispersion relations. Further investigations and theoretical
modelling are underway to determine the exact cause of such
a dispersion and develop a better understanding of photoe-
mission from plasmonic ASP.
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