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Abstract

We have investigated emission patterns and energy spectra of electrons from a tungsten nano-
tip induced by circularly-polarized femtosecond laser pulses. Variations of emission patterns
were observed for different helicities of circular polarization while the energy spectra
remained almost identical. The physics behind this difference in emission patterns is the
change in propagation directions of surface electromagnetic waves on the tip apex. The
energy spectra showed the same spectroscopic signatures as the linearly-polarized laser in a
strong field regime, which are a low-energy peak and a plateau feature. The low-energy peak
is due to a delayed electron emission with respect to a prompt emission. The experimental
data and plasmonic simulations support our previous conclusion, where the observed delayed
emission processes originate from an inelastic re-scattering process. This work demonstrates
that the use of circular polarization is an easy means to add extra knobs to control the spatial
and temporal emission from a nano-tip at the nanometer and femtosecond scale. It could find

applications as a helicity-driven sub-cycle optical switch.
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I. Introduction

Femto- and attosecond dynamics of coherent electrons in nano-objects and their nano-scale
spatial manipulation using femtosecond laser pulses have been intensively studied in basic
and applied research [1-29]. One of the powerful tools for investigating such ultrafast
dynamics on a nanoscale is laser-induced field emission microscopy [6-10]. Applying a high
voltage on a metallic tip with nanometer sharpness (a nano-tip) induces strong electric fields
only at the apex. The strong fields bend the surface potential barrier at the apex and lead to
electron tunneling from the solid to the vacuum, which is called field emission [30]. The field
emission propagates radially from the tip apex because of strong DC fields being radially
directed around the apex. As a result, the emitted electrons magnify nanoscale geometrical
information on the apex to a macroscopic scale, which enables field emission microcopy
(FEM) [30]. [lluminating such a nano-tip with femtosecond laser pulses generates pulsed field
emission from nano-scale areas [6], which in turn realizes laser-induced field emission

microscopy (LFEM).

By performing LFEM together with spectroscopic experiments, previous works revealed
intriguing atto- to femtosecond electron dynamics within nanometer areas, such as plasmonic
effects [6-13, 27], ultrafast coherent electron emission [10, 11], femtosecond photoexcitation
dynamics [9, 14-16], heating effects [16, 17], optical tunneling emission [18-29], ultrafast
rectification effects [22], attosecond near-field sampling [25, 26], elastic and inelastic
rescattering processes [19, 23, 24, 26], and subcycle emission [20, 22, 28]. In particular,
plasmonic effects play a central role in the laser-induced electron emission from a nano-tip
because they create nanoscale optical fields on the tip apex [6]. Furthermore, plasmonic
effects create an asymmetric local electric field distribution on the tip apex as schematically
shown in Fig. 1(a), and subsequently induce asymmetric electron emission [7-10]. As a result,
an ultrafast pulsed coherent electron source with emission site selectivity on a scale of a few
tens of nanometers has been realized [10]. The field emission from a nano-tip is most often
used as a coherent electron source for electron microscopy [31, 32] or in vacuum
nanoelectronics [33]. The laser-induced field emission provides a conventional electron
source with new degrees of spatio-temporal freedom on scales of nanometers and
femtoseconds. This kind of electron source can be used for time-resolved electron microscopy
[34, 35] or ultrafast devices [36]. For such applications, emission mechanisms and their
ultrafast dynamics have been studied for a wide range of laser intensity by measuring their

electron energy spectra.



In the weak laser field regime, a laser pulse excites electrons by the absorption of single or
multiple photons. The photo-excited electrons are then emitted into a vacuum either through
the potential barrier or over the barrier [6-16]. In the strong field regime, in addition to the
photoexcitation, the laser field modifies the surface potential barrier and causes tunnelling
emission [18-29]. Once in the vacuum, the emitted electrons experience acceleration and
deceleration due to the oscillating laser field. Some of electrons are driven back to the tip and
elastically re-scatter from the surface (elastic re-scattering emission) [19, 23, 26], while other
electrons are emitted without re-scattering (direct emission). These processes are depicted by
the orange arrows in Fig. 1(a); we refer to them as prompt emission. Furthermore, upon re-
scattering, some of these electrons can even enter the tip and be emitted after experiencing
inelastic scattering in the solid (inelastic re-scattering emission) as indicated by the green
arrows in Fig. 1(a) [24]. Since this process induces a delay of tens of femtoseconds with
respect to the prompt emission, it is called delayed emission. The delayed emission has been
previously discussed along with thermal emission because it also causes a delayed emission.
Our spectroscopic experiments, together with extensive simulations, indicated that delayed

emission is mainly driven by the inelastic re-scattering [24].

The experiments discussed above were all done with linearly polarized laser pulses. Further
investigations of plasmonic responses and ultrafast electron dynamics induced by circularly
polarized light are expected to explore further functionalities of laser-induced field emission.
Here, we investigate the LFEM images, namely the emission patterns, and the energy spectra
of electrons from a tungsten nano-tip induced by circularly polarized light with different
helicities. The LFEM images showed a change of emission sites with helicity, which could be
successfully explained by the physics of the emission site selectivity due to plasmonic effects.
In contrast to the LFEM images, the energy spectra did not show any helicity dependence.
The spectra reproduced the signature of the delayed emission as we observed it with linearly
polarized light. The signal level of the delayed emission, however, was reduced to half
compared with that of the linear polarization for the same laser fluence. When performing
plasmonic simulations, we found that the observed signal reduction offers additional evidence

that the delayed emission is driven by the inelastic re-scattering process.

This manuscript consists of four sections. In section II, we will explain our experimental setup.

In section I1I-A, we will present LFEM images and discuss plasmonic responses of a nano-tip



for circularly polarized light with different helicities. In section III-B, we show measured
energy spectra and discuss the delayed emission process in the strong field regime. In the last

section, we present conclusions.

II. METHODOLOGY

Figure 1(b) shows a schematic diagram of our optical system together with the vacuum
system, which is the same setup as used in our previous work [24]. An oscillator generates 7fs
laser pulses (center wavelength: 830 nm; repetition rate: 80 MHz). The circularly polarized
light pulses are generated using a lambda/4 plate placed right before the view port of the
vacuum chamber. A pair of chirped mirrors is used for dispersion compensation. The
positions of the glass wedges were optimized in such a way that the electron intensity from
the tip was maximized. We confirmed that the pulse width can reach 7 fs using spectral phase
interferometry for direct electric-field reconstruction (SPIDER). The circularly polarized light
is typically slightly elliptic. The ellipticities were obtained by measuring laser fields, F, as a
function of angle around the propagation axis. The ellipticity is defined as Fpin/Fmax. The laser
fields, F, were obtained from the measured power of the laser passing through an additional
polarizer plate that is placed after the lambda/4 plate (not shown in Fig. 1(b)). Here, the
ellipticity of the right-handed circularly polarized laser was 97.5% and that of the left-handed
one was 93.5%. Note that the polarization vectors of the left- (right-) handed laser pulses
rotate counter-clockwise (clockwise) when one looks along the propagation direction of the

pulses.

The laser beam is introduced into the vacuum chamber (base pressure: 9x10”-11 mbar). In the
vacuum chamber, a parabolic mirror focuses the laser onto the apex of a tungsten tip. The
parabolic mirror is movable along the x-axis. Outside of the chamber, the laser beam is
expanded by a pair of parabolic mirrors 1 and 2 for creating a tightly-focused beam. The
positions of the two parabolas are adjusted to have a minimum beam waist at the focus of
parabola 3. The beam waist was measured by a knife edge experiment [37], and from this
measurement, the beam waist at the tip apex is estimated to be approximately 3.5 um in
diameter. The tip is mounted on a 5-axis piezo stage controlling x, y, z, theta and phi. Thus

the tip apex can be precisely positioned into the focus of the laser. The apex of the tungsten



tip is crystallized and oriented towards the [011] direction; its radius of curvature is

approximately 100 nm [7, 8].

To perform LFEM and spectroscopic experiments, there are two types of detectors in the
vacuum chamber as shown in Fig. 1(b); one is a two-dimensional detector (OCI-LEED) and
the other one is a hemispherical energy analyzer (VG CLAM2). To change the detectors, the
tip is rotated 180 degrees in theta direction and the parabolic mirror is moved to the other side.
The two-dimensional detector was used to observe the electron emission patterns from the tip.
Cleanliness of the tip apex can be assessed from the emission patterns [38]. The typical FEM
pattern from a clean tungsten tip apex is shown in Fig. 2(a). The intensity distribution of the
electron emission is mainly dependent on the distribution of the local work function on the
apex [7, 8]. The most intense emission can be observed around the lowest work function area,
namely a [310] type facet as schematically drawn in the Fig. 2(b). The clean surface was
prepared by heating the tip. Since the tip apex can be quickly contaminated even under ultra-
high vacuum, all the measurements were done within 15 minutes after the sample heating. In
the laser experiments, the laser will propagate from left to right in the FEM image as indicated

by the red arrows in Fig. 2.

The electron analyzer is used to measure energy spectra of the electrons emitted from the tip
apex. A pinhole plate covered with phosphor was mounted between the tip and the analyzer in
order to observe emission patterns and to define a particular emission site to be measured. The
pinhole of the energy analyzer was positioned on the [310] type facet, and its position and
relative diameter is roughly indicated by a red circle in Fig. 2(a). This condition is the same as
in our previous study with a linearly polarized laser pulses. The diameter of the pinhole is 2
mm and the distance between the pinhole plate and the tip apex is 13 mm. Excellent
performance of the analyzer system in terms of energy resolution was already demonstrated in
our previous work [9, 15, 24]. Note that we used exactly the same sample as we used in our

previous work with the linearly polarized light.

I11. Results and Discussion

A. Plasmonic responses under circularly polarized light

In this section, we discuss the plasmonic response of a nano-tip to the circularly polarized
light based on the LFEM experiments. The left panels of Figs. 2(c) to 2(f) show the observed

electron emission patterns induced by the left- and right-handed circularly polarized laser for



two different tip azimuthal angles. We notice two characteristics. Firstly, the observed LFEM
images become asymmetric compared to the FEM image in Fig. 2(a). Secondly, the LFEM
images change for different helicities. In the case of the left-handed polarization, the emission
patterns become strongest around the upper right area in Figs. 2(c) and 2(e). In contrast, the
emission patterns become strongest around the lower right area in Figs. 2(d) and 2(f). Our
previous work revealed that such asymmetric emission originates from the asymmetric optical

field distributions on the tip apex [7, 8].

Here, we confirm the same physics by performing the following simulation. First, the
plasmonic response of the tip apex was simulated by solving Maxwell equations using the
OpenMaXwell package [39]. A droplet-like shape was employed as a model tip as shown in
Fig. 3(a). The radius of curvature of the tip apex is 100 nm. In the simulations, we only used a
continuous wave with a wavelength of 800 nm because the optical field distribution does not
change significantly, even for a laser pulse with a broad band spectrum [16, 24]. The laser is
propagating along the x direction as indicated by a red arrow, and focused to 1 um in waist
(diameter) at the tip’s apex. The dielectric function & of tungsten at 800 nm was employed: a
real part Re(e) = 5.2 and an imaginary part Im(g) = 19.4 [40]. A circularly polarized laser
beam was generated by combining two linear polarizations, namely vertical and horizontal,
with relative phase shifts of +mn/2 or —n/2 for different helicities [41]. The resulting time-
averaged local electric field distributions on the tip apex are shown in Figs. 3(b) and 3(c) for
the left- and right-handed polarization, respectively. They are the front views of the model tip,
where the view area is highlighted by a dashed curve in Fig. 3(a). The simulated distributions
show that the maximum field is situated on the upper right in the case of the left-handed
circular polarization and that it moves to the lower right for the right-handed one. This is

consistent with our observations in Figs. 2(c) to 2(f).

Next, using the simulated local electric field distribution, we have reproduced LFEM images
based on the Fowler-Nordheim theory. In the experiments, the LFEM images were taken with
a laser of weak intensity [7-9, 15]. Hence, we assumed a model for the weak field regime. The
details are described in Ref. [7, 8]. The laser-induced field emission current depends on work
function, DC fields, and laser intensity on the apex. The work function map was determined
from the observed FEM image [7, 8]. The DC field distribution on the tip apex was obtained
by using OpenMaXwell [7, 8], and the DC field is 2.3V/nm at the very top of the tip apex,

which is taken from Ref. [10]. The laser intensity was adjusted by a parameter, S;, which is



the occupation number of the time-averaged electron distribution function for one-photon
excitation [7]. S; is proportional to the laser fluence. In our previous work with linearly
polarized light, S; was 1.6x10° for the fluence of 2.44 mJ/cm?, while the fluence of circularly
polarized light in this experiment was half of that, i.e. 1.22 mJ/cm®. As discussed later, the
laser intensity of circular polarization at the tip apex will be half that of the linear polarization
for the same fluence. Hence, here we set S; = 0.4x10°°. The resulting patterns are shown in
the right panels of Figs. 2(c) to 2(f). There is good agreement between the experimental and
simulated data, which lead us to conclude that the modulation of local electric field

distributions is responsible for the changes in the emission patterns.

The simulations further reveal that the local electric field distributions vary because surface
electromagnetic waves propagate in different directions. Surface electromagnetic waves are
the waves that result from the coupling of the surface charges and the electromagnetic wave
such as in a surface plasmon polariton. Surface electromagnetic waves are classified in terms
of the dielectric functions of the interacting material [42], and strictly speaking, the excited
surface electromagnetic waves on tungsten are Zenneck waves as discussed in Refs. [7, 8].
The resulting field distributions on the tip apex are due to the interference of the excited
surface electromagnetic waves [7, 8]. In Figs. 3(f) and 3(g), we show how the local electric
field distribution evolves over sub-cycle time steps for the left-handed and right-handed
polarizations, respectively. Their phases are visualized in Figs. 3(d) and 3(e), respectively. As
denoted by the white arrows in Figs. 3(f) and 3(g), the surface electromagnetic waves move
upwards for the left-handed polarization, and downwards for the right-handed one. (See
Video 1 in the supplemental material [43] for the temporal evolution of local electric field
distributions for one optical cycle.) This difference results in the variation shown in Figs. 3(b)
and 3(c). It should also be noted that the fields of the surface electromagnetic wave do not
preserve the circular polarization. Figs. 3(h) and 3(i) indicate the trace of the electric field
vectors at the very top of the apex during one optical cycle, which are projected onto the y-z
plane. Without the presence of the tip, the field traces are essentially circular as indicated by
the dashed lines. In contrast, with a tip, they become elongated along the vertical axis and
behave more closely to those in a linearly polarized laser pulse. It should be mentioned that
polarization largely affects the electron motion after the emission in the strong laser field
regime. For instance, in the case of gas-phase targets, re-scattering processes are mostly
suppressed under illumination by circularly polarized light because the liberated electrons do

not return to the parent ion [44, 45]. In the case of a nano-tip, however, the electron dynamics



under the circularly polarized light are expected to be similar to that under linearly polarized
light according to the above simulations. These dynamics will be discussed in the next

section.

B. Electron dynamics in strong field regime under circularly polarized light

In this section, ultrafast electron dynamics, especially the delayed emission channel in the
strong field regime, will be discussed in relation to energy spectra. In this spectroscopic
experiment, the laser fluence is 10 times higher than that in the previous section to be in the
strong field regime. In addition, in order to clearly observe the delayed emission, we worked
on a regime where multi-electrons can be generated in a single pulse. In this regime, the
prompt emission becomes very dense in both time and space as schematically depicted in Fig.
1(a). Electrons emitted within this charge cloud are decelerated and accelerated by the strong
mutual Coulomb interaction (a phenomenon known as space charge effects). The strong space
charge effects wash away the entire fine details of spectroscopic signatures in the prompt
emission that was observed in previous work using low laser fluence with less than one
electron per pulse, such as a low-energy peak of direct emission and multiple high-energy
peaks due to elastic re-scattering process [19]. As a result, the energy spectra of the prompt
emission shows a broad plateau. In contrast, the electrons in the delayed emission shown in
Fig. 1(a) can avoid the strong space charge effects; it therefore appears as a sharp peak, which
clearly distinguishes the delayed emission from the prompt emission [24]. The solid circles in
Figure 4(a) show the resulting energy spectra. They are identical between the left and right
panels. The green solid circles are for the left-handed polarization and the red circles are for
the right-handed one. We could not find any significant difference between the two spectra. In
both spectra, we observed two distinctive features: a low-energy peak feature and a plateau
feature with an almost constant intensity. They are the same features as those observed when
using the linearly polarized laser pulses [24]. As a reference, the energy spectra of linear
polarization are shown by open triangles in the left and right panels of Fig. 4(a) for three
different laser fluences. The striking difference is that the signal level of the two features for
the two circular polarizations is much weaker than those for the linear polarization at the same
laser fluence. (Compare the three spectra taken with a fluence of 12.2 mJ/cm? in the left panel
of Fig. 4(a).) Both of these differences suggest substantially weaker field amplitudes at the tip
apex in the case of circular polarization. More specifically, the signal levels of the peak
feature for the circular polarizations are between those at fluences of 6.1 mJ/cm® and 7.3

mJ/cm’ as shown in the right panel of Fig. 4(a).



For a more quantitative analysis, we decomposed the energy spectra into two emission
components as shown in Fig. 4(b). Using a Monte Carlo code [24], which takes also the space
charge effects into account we simulated electron trajectories from the tip apex and
reproduced the observed energy spectra as shown in the inset of Fig. 4(b) (see the black solid
lines). These calculations allowed us to decompose the spectrum into two parts according to
the particular emission processes, from which we learned that the low-energy peak consists of
the delayed emission (pink solid lines) and the plateau feature consists of the prompt emission,
broadly smeared out by the space charge effects (blue solid lines). Here, to decompose the
measured spectrum, we assumed an asymmetric shape for the low-energy peak and used a
skew Gaussian distribution: F(x) = a/(bxy 2n)Xexp(-((x-c)/b)2/2)><(1+erf(d(x-c)/(b><f 2))). In
this formula, erf is the error function, and a, b, ¢, and d are the parameters, with which
intensity, width, position and skew of the peak can be controlled. The skew Gaussian peak
was subtracted from the measured spectra and a plateau component was obtained. The
resulting plateau was compared with the simulated one (see inset of Fig. 4(b)). The
parameters for the skew Gaussian distribution were determined in such a way that the two
plateau features from experiment and simulation became similar to each other. The now
decomposed low-energy peak and plateau features are shown by dashed and solid pink curves
in Fig. 4(b), respectively. Each of them was then integrated, and the values are summarized in
Table 1. Because the analytical functions for the plateau feature were not available, there is an
error of, at most, £10% in estimation of the integrated counts. The values in Table 1 also
show that the count rates for circular polarization with the fluence of 12.2 mJ/cm” are situated
between those for linear polarization with 6.1 mlJ/cm® and 7.3 ml/cm®. By linearly
interpolating the count rates of the low-energy peak between 6.1 mJ/cm® and 7.3 mJ/cm’, the
count rates for circular polarization turned out to be close to the values for linear polarization
with a fluence of around 6.7 mJ/cm®. Importantly, the following arguments tell us that this
reduction of the low-energy peak supports our previous conclusion where the delayed

emission is driven by an inelastic re-scattering process.

As mentioned in the introduction, the delayed emission was extensively discussed based on
the inelastic re-scattering model and the thermal emission model, as the thermal emission also
causes a delayed emission [24]. In the current study, our plasmonic simulations revealed that
the circularly polarized laser pulses create a unique situation where the optical fields at the tip

surface are largely reduced while keeping the deposited energy inside the tip nearly the same



as in the case of the linear polarization. This situation can be used to distinguish the two
emission mechanisms mentioned above, because the signal levels of re-scattering emission
depends on the optical fields at the surface of the tip apex [19, 24], while the thermal emission
depends on the deposited thermal energy, or the optical fields inside the tip [16, 17].

To support this argument, we simulated field distributions outside and inside the tip for linear
and circular (left-handed) polarizations with the same energy flux and show them in Figs. 5(a)
and 5(b), respectively. Here, we show a time-average of moduli of field vectors. They are
cross-sectional views on the x-z plane. Although these distributions are similar to each other,
a striking difference can be found between fields inside and outside of the tip. For Fig. 5(c),
we plotted line profiles of fields along the white line in Figs. 5(a) and 5(b). The white lines
intersect the emission sites where we measured the energy spectra. These line profiles show
that the optical fields outside the tip largely drop while the field inside the tip remains almost
the same between the linear (solid lines) and circular (dashed lines) polarizations. The
absorbed energy in the tip is obtained by calculating the power density of resistive heating [16,
46], which is given by oxE% Here o is conductivity and E is electric field inside the tip.
Because the absorbed energy is proportional to the square of the electric field, we evaluated
the intensity at the surface of the apex (point A in Fig. 5(c)) and inside the tip (point B in Fig.
5(c)) for both polarizations. In addition, we evaluated the total amount of absorbed energy in
the tip by integrating the power density of resistive heating three-dimensionally over the
volume of the tip where its cross-sectional view is displayed in Figs. 5(a) and 5(b). The
obtained values are normalized to the values for linear polarization for each case, and are

summarized in Table 2.

Table 2 shows that the intensity at the surface drops by around 55%, while the intensity inside
the tip at point B and the total deposited energy change by only 10-20% between the linear
and circular polarizations. In the experimental observation, as discussed above, the count rates
of the low-energy peaks for circular polarization are comparable with that of linear
polarization with the fluence of 6.7 mJ/cm®, which is 55% with respect to the maximum
fluence (12.2 mJ/cm?). If we assume that the low-energy peak originates from the delayed
emission via the inelastic re-scattering process, this observation is consistent with the 55%
intensity reduction at the surface in our simulation. In contrast, if the low-energy peak is due

to the thermal emission, its signal level for circular polarization would remain similar to that



of linear polarization for the same fluence, which is not the case in our observation. Therefore,
our current observation and simulations support our previous conclusion where the re-

scattering process drives the delayed emission.

IV. Conclusion

We have investigated emission patterns and energy spectra driven by circularly polarized
laser pulses. The emission patterns change depending on the helicity, which are driven by the
different propagation directions of the excited surface electromagnetic waves. These results
indicate that the use of circular polarization adds further knobs to control the site-selective
ultrafast electron emission on the nanoscale. One application might be as a sub-cycle optical
switch. Furthermore, the asymmetric emission could be used to characterize the helicity of the
laser. The electron dynamics in the strong field regime were also discussed by comparing
energy spectra for circular and linear polarizations. The measured energy spectra for circular
polarization showed the low-energy peak and plateau features, which were also observed for
linearly polarized light. The plasmonic simulations revealed that circular polarization behaves
almost like linear polarization on the tip surface. This implies that laser-induced electron
dynamics should be the same as those under linear polarization, which is consistent with what
we observed. Also, the plasmonic simulations reveal that circular polarization creates a
unique situation with respect to linear polarization, where the optical fields at the tip surface
are nearly halved while maintaining almost the same level of energy deposited into the apex.
This unique situation distinguishes the phenomena due to strong field effects at the surface
and thermal effects, and thus the measured spectra corroborate our earlier conclusion that the

low-energy peak feature is due to the strong field effects at the surface.
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Figure 1. (a) A conceptual diagram of electron dynamics in the strong field regime.
Different emission processes under strong fields are indicated by the orange and green

arrows. (b) A schematic diagram of our experimental setup. See the text for details.
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Figure 2. (a) Electron emission patterns from a tungsten nano-tip oriented towards [011]
direction without laser illumination. Tip voltage Vi, was -2800V. (b) The front view of
the atomic structure of a tip apex based on a ball model. The green areas are
corresponding to the electron emission area. (c)-(f) Experimentally observed (left) and
simulated (right) electron emission patterns from a nano-tip induced by circularly
polarized laser pulses. In all images, Vi, was -1900V and the laser fluence was 1.22
mJ/cm?®. The simulations were performed using the same code as we used previously [7,

8]. In all the pictures, the laser propagation direction is the same and indicated by red

arrows.
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views of the time-averaged field distributions at the tip apex are given for left-handed and
right-handed circularly polarized laser pulses, respectively. The view area is indicated by
the white dashed line in (a). (d), (¢) Schematic diagrams of the variation of optical fields
over time for left-handed and right-handed circularly polarized laser light, respectively. (f),
(g) show the transient optical field distributions on the tip apex (front views of the model
tip) at the phases given in (d) and (e). The white arrows indicate the propagation of the
maximum optical fields. (h) and (i) indicate the traces of the location of maximum field
strength of optical field vectors at the very top of the tip apex for a single optical cycle of
the left-handed and the right-handed polarized laser pulses, respectively. The solid lines
and dashed lines are with and without the presence of the nano-tip, respectively. The fields

are projected onto the y-z plane.
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Figure 4. (a) Measured energy spectra of laser-induced electron emission from a nano-tip.
The open triangles are the data taken with linearly polarized laser pulses and the solid
circles are the data with circularly polarized pulses. The laser fluences are shown in the
figure. The data for the two circularly polarizations in the left and right panels are
identical. (b) The energy spectrum taken by the left-handed circular light (solid circles)
together with the decomposed spectra with two different features: a low-energy peak
feature (pink dashed lines) and a plateau feature (pink solid lines). The inset shows a
simulated energy spectrum in our previous work [24]. It is decomposed into two emission

processes: delayed and prompt emissions.



Peak Plateau
(counts) | (counts)

Linear 12.2 mJlcm?*> | 2.2-10° | 2.6-10°
Linear 7.3 mJ/cm? 4.2-10%| 8.9-10%
Linear 6.1 mJ/cm? 2.0:10*| 5.2-10*
L-Circ. 12.2 mJ/cm? | 3.010*| 6.5-10%
R-Circ. 12.2mJlem? | 3.0-10*| 7.3-10%

Table 1. Integrated count rates for the delayed emission process (the low-energy peak

feature) and the prompt emission process (the plateau feature) for different laser fluences.
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Figure 5. The cross-sectional view of the calculated time-averaged field distribution on the
x-y plane for (a) linearly and (b) left-handed circularly polarized light. (c) Line profiles of
the electric fields along the white lines in (a) and (b), which start from the center of the

hemispherical tip apex.



Linear| L-Circ.
F? atA 1 0.54
F>atB 1 0.80
Total
deposited 1 0.89
endergy

Table 2. The intensities of optical fields at points A and B in Fig. 5(c) and total deposited

energy in the tip for linearly and circularly polarized laser light. These values are

normalized at the values of linearly polarized light.



