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ABSTRACT

Carrier-envelope phase-stabilized laser pulses brought significant advances in investigating laser-solid interactions, as
well, with the potential of revealing carrier dynamics in solids on unprecedented time-scales. More specifically, multi-
photon induced photoemission from metals proved to be sensitive to the waveform of few-cycle pulses, however,
underlying mechanisms are not fully understood. Combining surface plasmonic effects with photoemission demonstrates
a potentially more promising approach to investigate laser-surface interactions induced by few-cycle pulses. Numerical
results from a simple model on this phenomenon are presented. Related to this, previously unaddressed carrier-envelope
phase phenomena in the vicinity of the focus are also considered.
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1. INTRODUCTION

Optical waveform control of recollision processes of atomic electrons has brought deeper insight into atomic physics
since the reproducible generation of attosecond light pulses in gas targets was enabled by carrier-envelope (CE) phase
control of few-cycle light pulses (see Ref. 1 and references therein). Similarly, in solids, the CE phase proved to play a
decisive role in governing various charge transfer and photoemission processes, as measured with the first CE phase
stabilized oscillators *°. These experiments revealed several new aspects of the underlying light-matter interaction
physics, even though many of these processes are not fully understood and there is substantial discrepancy between
various semiclassical and quantum mechanical models and measured results.

Governing electron motion on atomic time-scales also prompts the question whether these processes can be
simultaneously resolved on atomic spatial scales, too. As a more recent development, first pioneering coherent control
experiments in nanoplasmonic systems underpin the possibility of controlling electronic motion on the nanoscale with
visible laser pulses’. However, most methods of femtochemistry and attophysics are still waiting to be applied to
nanoscale objects. As first steps in this direction, promising studies pave the way towards nanometer and attosecond
resolution surface characterization schemes’ and existing schemes of ultrafast electron diffraction and microscopy offer a
form of ultrahigh 4D resolution, too®’. For some of these methods pump-probe-like methods new, ultrafast photoelectron
sources need to be applied. Therefore, testing new schemes for the production of well-behaved ultrashort electron
bunches has become of central interest in many research groups'®'2. Carrier-envelope phase effects can play a substantial
role in the operation of such novel photocathode schemes, one of which is to be scrutinized in Section 3.

Interaction of few-cycle pulses with surfaces poses more complex questions in terms of diffraction phenomena than
laser-atom interactions. In most experimental schemes the surface is placed at a non-normal incidence angle into a
focussed beam. This means that one has to investigate the effective carrier-envelope phase value at each point of the
surface and establish whether any spatial smearing effect could reduce the CE phase sensitivity in the experiment.
Section 4 deals with this issue.



2. SURFACE EXPERIMENTS WITH CARRIER-ENVELOPE PHASE-STABILIZED
LASERS

The self-referencing or f~to-2f technique allows control of CE phase evolution in the typically multi-MHz train of pulses
by stabilizing Ag, the pulse-to-pulse CE phase shift in the output of a mode-locked laser". Exploiting this technology
laser systems were developed, delivering CE phase stabilized pulses as short as 3.7 fs . However, an fto-2f
interferometer usually used in this scheme is not suitable for measuring the absolute value of @; only the value of the
pulse-to-pulse phase shift (Ap) can be stabilized. With such laser systems, however, basic experiements could be carried

out demonstrating the effect of the optical waveform on laser-solid interactions. In this section such a standard
measurement setup will be presented.

To detect photoelectron emission in the multiphoton regime (which was predicted to have the desired CE phase-
sensitivity '), we used a modified electron multiplier tube with the cathode substituted with a gold-coated nickel piece.
The p-polarized, CE phase-stabilized laser beam impinged on the surface at an angle of incidence of 70°. The
photocurrent from the cathode was found to exhibit a power-law scaling with intensity: P, and a modulation at frr., the
reference frequency to which the carrier-envelope phase evolution in the mode-locked pulse-train was locked. This
modulation (which had a very small amplitude) was observed by a lock-in amplifier referenced to f.r thereby providing
proof of the optical waveform directly influencing the photoemission yield >*. As a further, ultimate evidence for the CE
phase-sensitivity of the photocurrent, the in-phase component of the lock-in output was found to evolve quasi-
periodically upon increasing the propagation length of the pulses in a pair of extracavity wedges, as shown in Fig.1.
Shifting one of the wedges perpendicular to the beam means that the phase difference between the two periodic,
electronic signals on the input of the lock-in also shift continuously, thereby providing the observed periodicity in the in-
phase component of the lock-in output.
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Fig. 1. Typical experimental scheme for measuring CE phase effects in laser-surface interactions also depicting
the phase stabilization servo loop. Graphs A and B depict two measurement runs with two different pulse
lengths. The observed oscillation in one of the components of the lock-in output signal with respect to shifting
the fused silica wedge in the beam served as a proof of CE phase sensitivity of multi-photon-induced
photoelectron emission.

The observed modulation depth of << 1% in the electron signal, however, prompts questions about the models used to
describe this phenomenon. Both fully quantum mechanical and semiclassical calculations show that the observed effect
should be much more pronounced than our previous observation, with a modulation depth of up to 30% '>'¢. Limited
experimental circumstances (such as the lack of ultrahigh vacuum conditions or the lack of using a single-crystal surface)
alone can not explain such a substantial discrepancy. Therefore these experiments prompt further questions about
ultrafast dynamics of these electronic transitions induced by a small number of optical cycles. There are some



suggestions on how to resolve the discrepancy'®'’, however, these ideas are not easy to prove experimentally, require
complex experimental apparatus similar to those used in attophysics experiments and direct results are difficult to extract
from such measurements.

3. ELECTRONS IN THE FIELD OF CARRIER-ENVELOPE PHASE-CONTROLLED
SURFACE PLASMONS

More recently, we turned our attention to a more advanced scheme where the role of the few-cycle, infrared laser field is
not simply to induce photoemission from the surface but also to govern free electron motion in a way which enables the
usage of standard electron spectroscopic techniques. This phenomenon is surface plasmon (SP) enhanced electron
acceleration, where the observation of the quasi-ponderomotive motion of electrons in plasmonic fields can help gaining
deeper insight into the photoemission process itself, too.

SP enhanced electron acceleration is a recently discovered acceleration method in the evanescent field of surface
electromagnetic waves (SPs)'®!"°. More recent most conspicuous results include electron acceleration in SP fields up to
keV energies (without external dc fields) with simple Ti:sapphire laser oscillators'? and predictions about the carrier-
envelope phase dependence of this phenomenon®. The process is also interesting for the development of ultrafast
methods where a well-controlled electron source is needed with high repetition rate.

We carried out numerical examinations of the relevant properties of such a source when the interacting laser pulse is
composed of only few optical cycles, in addition, we consider photoelectron emission in the tunnelling regime. This is,
as opposed to other simulations in this field, a much more realistic approach since inherent field enhancement effects
occur upon SP coupling®.

2.1 Simulation methods

We modelled surface plasmon enhanced electron acceleration in a computationally more efficient way than previous
approaches using a semiclassical a model analogous to the 3-step model of high harmonic generation®'. SP enhanced
electron acceleration involves several clearly distinct physical processes such as the coupling of the free-space and
plasmonic electromagnetic fields, photoelectron emission from the metal layer and the subsequent acceleration of free
electrons by the decaying plasmon field on the vacuum side of the surface. Therefore the steps of our model correspond
to these individual, easily separable processes. First we gained analytic formulae for SP fields instead of the
computationally intensive complete numerical solution of Maxwell’s equations in the Kretschmann-Raether SP coupling
configuration '%. Based on the well-known fact that SP fields decay exponentially away from the surface” we took the
expression of the SP field components on the vacuum side of the metal layer in the form of

ES (x,,1) = nE) E ,, (x,0) cos(kgpx — w4t + @, )exp(—ay) (1a)
EY (x,»,t) = naky B, (x,t) cos[kspx —wyt — % +9, j exp(—ay) (1b)

where E is the field amplitude, E,,.(x,?) is an envelope function determined by the temporal and spatial beam profiles of
the incoming Gaussian pulse, 7 is the field enhancement factor resulting from plasmon coupling®, kgp is the plasmon
wave number, @, is the carrier frequency of the pulse, ¢ is the carrier-envelope phase and « is the decay length of the
plasmonic field in vacuum. For the accurate determination of the field we used the evanescent decay parameter
a =247 nm™ from previous non-approximative studies carried out for the same input parameters for laser pulses having
a central wavelength of 800 nm **. We used the value of @ = 0.3 according to the notion that the amplitudes of the x- and
y-components of the plasmonic field show this ratio according to the numerical solution of Maxwell’s equations **.

We concluded that the field given by (1a-b) approximates the exact SP field with a very good accuracy by comparing our
results to those of Ref. 23. One can examine the distribution of the field amplitude in the vicinity of the surface in Fig. 2
(false colour representation) showing very good agreement with the above-mentioned calculation and we also succeeded
in reproducing the vector representation of the field depicted in Fig. 3. of Ref. 23 with this method (not depicted here).
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Fig. 2. Setup for the generation of electron beams by surface plasmon
enhanced electron acceleration with field amplitudes and electron trajectories
illustrating the model used. For further details see text.

As a second step, we placed a point array along the prism surface and examined the spatial and temporal distribution of
the photoemission (induced by the plasmon field) in the tunnelling regime by applying the Fowler-Nordheim
equation'™"". This describes the instantaneous tunnelling current and is routinely used in studies involving electron
emission from metal nanotips10,11. The assumption of tunnelling emission is a more realistic starting point for such a
simulation than the previously used multiphoton assumption'>>. This is because experimental evidence shows efficient
electron acceleration for plasmon fields of 1.8 x 10° V/ecm '* and the corresponding Keldysh-gamma of 0.01 justify the
usage of tunnelling formulae. Physically, tunnelling emission sets in in this scheme even for lower driving intensities
because of the inherent field enhancement phenomenon of surface plasmonic fields (with an E-field enhancement factor
of 3-4 for flat and up to 100 for rough surfaces). This way we ended up with a spatially and temporally resolved map of
tunnelling probabilities determined by the SP field.

Thirdly, we scrutinized vacuum electron trajectories in the plasmon field for each point in the above-mentioned array and
for several emission instants. Some representatively chosen trajectories can be seen in Fig. 2 (red curves). In some cases
the electron trajectories involved a recollision with the metal surface and when this happened, no electron emission was
assumed. In all other cases the final kinetic energies and directions of the photoemitted and accelerated electrons were
placed in a matrix for each emission point in space. This way we ended up with novel acceleration maps carrying both
nanometer-scale spatial and high-resolution spectral information of the process. With these steps both microscopic and
(by integrating the emission map along the spatial coordinate) macroscopic electron spectra and emission distributions
can be generated. We checked that macroscopic spectra generated this way reproduce former measurement and
simulation results (published in Refs. [12,23]) extremely well, including basic scaling laws, such as the linear scaling of
the highest electron energy with the field intensity”. Thereby the applicability of analytic field expressions was
confirmed supporting the correctness of this simplified model.

2.2 Highly directional, monoenergetic electron beams with few-cycle pulses

We present several emission maps to reveal the fine structure of the acceleration process and to arrive to conclusions
about the macroscopically observable parameters of the generated electron beams. We examined the final kinetic energy
distribution of the plasmon-accelerated electrons along the plasmon propagation direction (x-axis representing emission
locations along the surface) for a few-cycle interacting pulse with a Gaussian pulse shape, 15 fs and 5 fs intensity
FWHM, ¢, = 0 carrier-envelope phase (with envelope and field maxima coinciding) and 800 nm central wavelength. The
pulse was assumed to be focussed to a spot with a diameter of 4 pm on the prism surface reaching a peak plasmon field
strength of 5.8 x 10* V/em (Keldysh-gamma of 0.31). With this intensity value we have already taken into account that
substantial field enhancement factors (up to x100) can be achieved with respect to the plasmon generating field. The
inherent field enhancement in plasmonic fields secures both that the tunnelling emission regime is reached even for
modest pulse energies and that highly efficient electron acceleration up to keV energies can take place as observed
experimentally'>'®",



With these simulation parameters we calculated the spatial and spectral distribution of the emitted electrons along the
plasmon propagation direction (in false colour representation in Figs. 3 a), d)) for two different pulse lengths to illustrate
few-cycle effects. Whereas in the multi-cycle regime (15 fs pulse length) in Fig. 3 a) a much more structured distribution
can be observed, in Fig. 3 d) (5 fs pulse length) the emission is mostly concentrated in a single structure on the emission
map providing a better-behaved electron beam. We can also see that the emission of high-energy electrons is localized to
the centre of the illuminated spot and that the number of distinct structures on the emission maps roughly correspond to
the number of optical cycles in the generating pulse.

There is an even more conspicuous property that seems crucially important form the point-of-view of the applications of
this electron source. Figs. 3 b) and e) depict the angular — kinetic energy distributions of the emitted electron beams
showing in which direction the energetic electrons leave the surface. We can see that the emission is confined to a small
range of angles supporting a directionally emitted electron beam ideally suited for novel ultrafast techniques. Provided
that the pulse length is in the few-cycle-range (Fig. 3 ¢)) the angular emission map is reduced to a single distinct
structure corresponding to a highly directional, quasi-monoenergetic electron beam representing the most favourable
case of SP enhanced electron acceleration. By integrating any of the distributions along the x-axis we end up with the
macroscopically observable electron spectra depicted in Fig. 3 ¢) and f). The spectrum in Fig. 3 f) has a AE/E value of
0.22 corresponding to a quasi-monoenergetic spectrum (E denotes the electron kinetic energy here). Under experimental
circumstances the spectral properties of this electron beam can be further enhanced by applying a retarding potential to
suppress the low-energy wing of the spectrum.

The fact that the appearance of high energy electrons is confined to the central portion of the surface, prompted us to
investigate what happens to the angular distribution if one confines the emission on the prism surface to a limited,
nanoscopic range. This is illustrated in Figs. 3 g) — 3 i) where the same emission maps and spectra are given as in Figs. 3
d) — 2 f) with the only difference that electrons coming only from a 300 nm wide strip of the surface were considered. It
is possible to realize such a situation with experimental nanofabrication tools, for example, by depositing a dielectric
layer on top of the metal coated prism which has an narrow opening to let electrons escape. By confining the emission
area this way it can be seen that the distribution in Fig. 3 h) shows a highly enhanced contrast. This means that even
more monoenergetic spectra and even more directional beams can be generated from this spatially confined source. This
way the AE/E value on the integrated spectrum can be enhanced by almost an order of magnitude to 0.033, as depicted in
Fig. 3 1). Thereby our results suggest that SP electron acceleration offers a robust and powerful technique for the
generation of ultrafast, monoenergetic, highly directional electron beams.
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Fig. 3. Normalized photoacceleration maps (the kinetic energy distribution of electrons emitted at different points of
the surface, a), ¢) and g), in false colour representation), angular and kinetic energy distribution (b), d) and h)) and
macroscopic electron spectra (), f) and 1)) of surface plasmon accelerated electrons for three emission ranges: (a)-
¢)) for 15 fs, (d)-1)) for 5 fs laser pulses with 800 nm central wavelength. In g)-i) we considered emission only from
the depicted 300 nm wide region illustrated in g). This corresponds to a nanolocalized emission region achievable
with nanofabrication techniques.

2.3 The role of the carrier-envelope phase

It is known that the carrier-envelope phase of few-cycle pulses has a measurable effect on laser-solid interaction
processes even in the perturbative regime of nonlinear optics™>. Motivated by these findings we also examined the effect
of the optical waveform on the electron beam generated in this parameter regime. The angle-energy distributions in Figs.
4 a) and 4 b) (carrier-envelope phases of /2 and 7, respectively) can be directly compared to that of Fig. 3 e) (carrier-
envelope phase ¢, = 0); the only difference in the input parameters is that we varied the carrier-envelope phase of the
interacting pulses but otherwise left other parameters unchanged.
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Fig. 4. Normalized photoacceleration maps (the kinetic energy distribution of electrons emitted at different angles
from the surface) in false colour representation for two different carrier-envelope phase values (¢ = n/2 for a) and
@ = for b)) The laser pulse length was 5 fs, intensity FWHM.

We can see that the spectral cut-offs determined by the acceleration process are highly dependent on the carrier-envelope
phase of the pulses in accordance with previous results®’. In our case, however, by having taken tunnelling emission into
account (instead of multiphoton emission) the influence of the CE phase becomes more pronounced. The number of
structures observable on the emission maps (and the integrated spectra — see accompanying animation) correspond to the
number of optical cycles in the laser pulse (2 in this case). However, for carrier-envelope phase values between 1.75n
and /4 these structures coincide serving as a basis for an ideal photoelectron source. Therefore the generation of
electron beams with the desired features requires state-of-the-art laser sources with phase stabilization.



4. FOCUSING CARRIER-ENVELOPE PHASE-STABILIZED PULSES ON SURFACES

Interaction of few-cycle pulses with surfaces poses more complex questions in terms of diffraction phenomena than
laser-atom interactions. In most experimental schemes the surface is placed at a non-normal incidence angle into a
focussed beam. In case of photoemission experiments the incidence is close to grazing®®. Whereas in surface plasmonic
schemes the coupling angle of SPs determines it, which is close to 45 degrees. This means that one has to investigate the
effective carrier-envelope phase value at each point of the surface and establish whether any spatial smearing effect
could reduce the CE phase sensitivity of the process. In this section I present an estimation on the magnitude of this
effect.

To this end analytic formulae from Ref. 24 were used to evaluate phase shifting effects in the focal vicinity of focussed
Gaussian beams. The approximation enables us to take into account all relevant effects concerning pulsed, focused
Gaussian beams, such as the Gouy phase shift in the focus and also the phases of off-axis points. After determining
relative phase shift value at each point of the focal volume we could evaluate the influence of the nonuniformity of the
CE phase value across the illuminated metal surface. For this, we assumed that a 3-photon process takes place (as a result
of which, for example, electrons are emitted from the surface with a probability proportional to the third power of the
beam intensity at a given point). From each point the number of the emitted electrons is also determined by the effective
CE phase value “seen” by that point, not just the intensity. In this case the local electron signal can be described as
O(x,y,¢) = I(x,y)’ (Msin(¢@, + ¢(x,y)) + 1)) where x and y are Cartesian coordinates in the surface plane, I describes the
intensity distribution on the surface, M is the contrast of the CE phase sensitivity of the phenomenon examined, ¢, is a
CE phase offset, ¢(x,y) is the distribution of the extra phase shift along the surface (occurring due to focusing). This latter
quantity is depicted in Fig. 5 a) and b) for two cases. a) illustrates the CE phase shift on a surface illuminated under
grazing incidence (85°) without the presence of a dispersive medium. This example corresponds to our previous
experiment with multi-photon induced photoemission. b) describes a case closely related to SP enhanced electron
acceleration setups where focussing takes place through a dispersive medium under close to 45° angle of incidence to
achieve SP coupling. In this case the phase pattern observed in a) are smeared by the dispersive phase shifting effect of
the medium itself. By integrating the above expression in 2D across the illuminated surface in the vicinity of the focus
we arrive to estimates for the reduction of the CE phase contrast in both types of experiments. This is illustrated in Fig. 5
c) for different angles of incidences.
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Fig 5. Illustration of phase shift in a focused beam along a surface illuminated with a beam impinging at different, non-
normal angles of incidence. a) is for an incidence angle close to grazing (85°) and the beam propagates in vacuum. b) is
for a beam propagating in fused silica corresponding to the SP coupling geometry in SP enhanced electron acceleration.
The angle of incidence is 45°. The full greyscale in a) corresponds to a phase difference of 2.8x, whereas in b) for 6.27. c)
depicts the reduction of the visibility of the carrier-envelope phase-sensitivity if a surface-integrated signal is measured.
The original M modulation depth (with respect to the CE phase) is reduced to M. in the surface integrated signal. The
contrast reduction is defined as M_/M.



We can see that the closer one gets to grazing incidence the higher contrast deterioration can be expected. As expected,
the effect can be much more severe in a dispersive medium. However, parameter regimes can still be found where spatial
smearing effects do not affect significantly the CE phase contrast in a laser-surface interaction experiment. This is due to
the intensity dependence of the signal: provided that most of the signal comes from the centre of the illuminated region,
extreme CE phase smearing can be avoided since only a small portion of the electrons come from areas with high phase
modulation (like the top and bottom stripes in Fig. 5 a)). Further investigations are also under way to establish similar
effects in out-of-focus planes and for the case of tunnelling electron emission.

5. SUMMARY

Controlled optical waveforms and CE phase stabilized laser pulses are key tools to understand and to govern electronic
transitions in solids. The continuous development of experimental techniques will enable researchers to perform true
coherent control in these experimental schemes, too, where (as opposed to most femtochemistry techniques) the usage of
few-cycle pulses is of high importance. To establish full coherent control, experimental techniques are required where
not just carrier-envelope phase control is used but also pulse shaping is implemented in the few-cycle regime. With these
tools combined with electron spectroscopic techniques one will be able to gain deeper understanding of the underlying
ultrafast dynamics in solids. The proposed scheme of surface plasmon enhanced electron acceleration is an ideal
candidate for extracting this information; moreover, this phenomenon can serve as a basis for a compact, direct carrier-
envelope phase detector desired by the operators of attosecond beamlines. In addition, it has the potential to be used as a
highly controllable electron source for ultrafast, high spatial resolution material characterization methods such as
ultrafast electron diffraction and microscopy.
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