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Control over basic processes through the electric field of a light wave can lead to new knowledge of
fundamental light-matter interaction phenomena. We demonstrate, for the first time, that surface-plasmon
(SP) electron acceleration can be coherently controlled through the carrier-envelope phase (CEP) of an
excitation optical pulse. Analysis indicates that the physical origin of the CEP sensitivity arises from the
electron’s ponderomotive interaction with the oscillating electromagnetic field of the SP wave. The
ponderomotive electron acceleration mechanism provides sensitive (nJ energies), high-contrast, single-
shot CEP measurement capability of few-cycle laser pulses.
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New knowledge of fundamental light-matter interaction
phenomena can be gained by controlling basic processes
through the electric field of a light wave. The first experi-
ments in this direction were enabled only recently by
gaining control over the carrier-envelope phase (CEP) of
few-cycle laser pulses [1]. For example, the generation of
single isolated attosecond pulses [2,3] has resulted directly
from the precise control over the CEP of few-cycle laser
pulses used to generate the high-harmonic radiation.
Moreover, it was observed [4] that the light waveform
influences the harmonic generation process for much lon-
ger pulses (32 fs). Other bound-free electronic transition
effects in gas-phase matter, including above-threshold ion-
ization [5], indicate that the final velocity of electrons can
be controlled through the CEP. Such results have had
profound impact on various research fields [2,6] and fur-
ther developments would lead to significant advancement
in areas such as particle acceleration, high-harmonic gen-
eration from solids, and material science. Despite the vast
amount of knowledge afforded by such investigations,
significant progress has not been made in phase-related
phenomena surrounding laser-solid interaction.

Of particular interest is the interaction of few-cycle
pulses with metallic materials, vis-a-vis the behavior of
conduction-band electrons in the vicinity of optical fields.
Recent theoretical investigations [7] indicated that photo-
emission from a metallic surface would depend on the CEP
and was later verified by experiments [8], although the
effect was much smaller than originally predicted. Other
pioneering research [9,10] has provided insight in the
understanding of charge-carrier dynamics in semiconduc-
tor materials on a few femtosecond time scale.

Coherent control over the processes surrounding collec-
tive oscillations of the conduction electrons of a metal
would provide a unique tool for many fields of research.
The specific research area relevant to this study is the
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implementation of surface plasmons (SPs) for electron
acceleration. We have demonstrated, through experimental
and theoretical endeavors, that SPs are, in fact, capable of
ponderomotive electron acceleration up to 2 keV [11,12]
using many-cycle pulses. However, it is expected that the
particular value of the CEP that the electron “‘sees’ as it is
born into the electromagnetic field will map directly onto
the electron’s final energy.

In this Letter, we demonstrate through model calcula-
tions that the ponderomotive energy gain experienced by
an electron in the electric field of an SP wave can be
controlled through the CEP. When the SP wave is excited
with a few-cycle laser pulse, spectral shifts of the electron
energy distributions are observed and are correlated with
the specific form of the underlying electric field oscillation
of the light wave. Thus, a method for coherent optical
manipulation of the acceleration process is afforded
through the CEP of the light field. Remarkably, the model
indicates that this phenomenon would be observable even
for optical pulses as long as 12 fs (~ 5 optical cycles),
revealing a unique feature of this process among laser-solid
interaction phenomena. Since SP generation and accelera-
tion of electrons can be accomplished with only ~1.5 nJ
[13] excitation pulses, the technique opens a doorway into
directly measuring the CEP of laser pulses available from
typical laser oscillators, which is highly desired in other
applications [14].

An ultrashort few-cycle laser pulse can be characterized
by an electric field of the form E; (¢, ¢) = E(t) cos(wt +
@), where E(¢) is the temporal envelope of the laser pulse,
w is the carrier frequency, and ¢ is the CEP of the electric
field oscillation relative to the envelope peak Ey(r = 0). In
the most general situation, optically driven processes lack
sensitivity to ¢ as Tiueer > T, Where 7y, 1s the duration
of the laser pulse and T, = 27/ w is the period. However,
cases where 7y,,.; ~ T, provide the opportunity to study the
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nature of SP-electron interaction on a time scale compa-
rable to a single light-wave oscillation. The geometry for
SP-electron acceleration is shown in Fig. 1(a). The few-
cycle laser pulse is used to excite an SP wave at a metal
surface. Coupling between the incident laser pulse and an
SP mode localized at the metal-vacuum boundary is
achieved through the Kretschmann configuration. The
electromagnetic wave is resonantly absorbed and trans-
formed into a longitudinal SP oscillation having an electric
field described by the function: Egp(z, ¢, ) = nE.(t, @) X
exp(—1yz), where 7 is the electric field enhancement factor
and y~! is the characteristic penetration depth into vac-
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FIG. 1 (color online). (a) [llustration of the launching of an SP
wave and subsequent dynamics of photoinjected electrons accel-
erated during the interaction with an SP wave excited with a
Tlaser = D fs. (b) Calculated electron energy spectra for ¢ = 0
and 7y, = 5 fs illustrating two pronounced cutoffs, positioned
at values of §; = 425 eV and 6, = 685 eV. Overlapped energy
spectra of SP-accelerated electrons for ¢ ranging from 0 to 2,
and (¢) Teer = 5 fs and (d) 7y = 12 fs. The arrows in (d)
indicate regions of CEP sensitivity. Panel (e) illustrates over-
lapped energy spectra for 7,,; = 30 fs, which show no indica-
tion of CEP effects. Panels (f) and (g) illustrate the variation of
the total number of electrons above K, = 300 eV and K, =
720 eV, respectively, which are also indicated by solid lines
in (¢) and (d).

uum. Because of this large enhancement, SP waves are
well suited for studying electric field driven processes in
matter. Typical values of these parameters are 1 =
10>-10°> and y ! =240 nm (at a wavelength A =
800 nm). More important, however, is the coherent im-
pression of the CEP of E; (¢, ¢) onto the temporal structure
of the plasmon wave and its subsequent effect on charged-
particle acceleration. Photoelectrons, produced at the me-
tallic surface during the same instant that the SP is
launched, will be accelerated to considerable energies by
the ponderomotive force resulting from the high-gradient
Egp [13]. The ponderomotive gain experienced by an elec-
tron is contingent upon the instantaneous value of Egp
during its photoinjection and subsequent interaction [12];
therefore, it is expected that the energies of the photo-
accelerated electrons can be coherently controlled through
the laser parameter ¢.

Few-cycle SP acceleration involves a complex set of
physical interactions including femtosecond electromag-
netic pulse propagation, optical-plasmon coupling, elec-
tron photoemission from metallic surfaces, and free-
electron dynamics in a vacuum dressed with Egp. A gen-
eralized electrodynamic model should, indeed, incorporate
all the aforementioned processes and allow for a complete
description with respect to specific physical details con-
cerning each of these interactions. In what follows, we
shall describe the assumptions and motivations for the
various components of our model. Finally, we implement
this model to verify the influence of the CEP on SP-
electron acceleration using a set of easily achievable ex-
perimental parameters.

SP-electron acceleration fundamentally arises from the
ponderomotive interaction, which occurs between charged
particles and an electromagnetic field gradient [12].
Therefore, the natural and most intuitive first step is to
consider the spatial and temporal electromagnetic field
distribution of an SP mode confined to the metal-vacuum
boundary. To describe the electromagnetics we employ the
numerical solution of Maxwell’s equations: 8,1:)1 =

—ug'V X Eand 9,E = £'V X H, where H is the mag-
netic intensity, E is the electric field (describing both Egp
and E}), € is the local permittivity, and w is the perme-
ability of free space. For this, the finite-difference time-
domain technique is used and is described sufficiently
elsewhere [12,15].

Consideration must be also given to the photoejection
mechanism of the conduction-band electrons of the metal
film in the presence of the laser excitation, as the final
ponderomotive energy gain is a strong function of the
electron’s initial position with respect to the accelerating
Egp. Numerous studies [11,16,17] indicate that, much like
outer-shell electrons of atoms in an intense laser field,
electrons in a metal film can experience either multiphoton
bound-free transition or field emission, as determined by
the Keldysh adiabaticity parameter y [18]. It has been
shown previously through density functional theory
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(DFT) that the photoemission process itself can, in fact,
depend upon the value of ¢ for the casesof y > lory <1
[7]. Marriage of such a DFT model with the electromag-
netic description described above is possible, however,
would require enormous computational effort as the two
separate physical descriptions occur on completely differ-
ent spatial scales (1 um vs 0.1 nm). On the other hand,
recent experiments [8] attempting to verify the DFT model
for y > 1 showed only a small variation ( <0.1%) of
electron count with ¢. Therefore, we adopt the first-order
assumption that the electronic charge emitted by the laser
pulse is independent of the underlying waveform and
follows the intensity of the laser pulse. While this assump-
tion would no longer be valid in the cases where y <1,
previous experiments [13,19] at laser-oscillator energies
(nJ level) indicate that multiphoton absorption is the domi-
nant photoemission mechanism, and therefore, we restrict
our discussion to the nonadiabatic (multiphoton) y > 1
regime. Hence, the rate of photoelectron generation is

given by a,p(r, 1) o I (7, 1), where I (7, 1) is the
local intensity of the optical pulse and m is the order of
the photoemission process. The trajectories of the photo-

emitted electrons, in response to Egp, are calculated using
the nonrelativistic momentum equation: d,? =gm; ' (E +

MO; X H), where m, and v are the mass and velocity of
the electron, respectively. Within this formalism, Coulomb
interaction between electrons is neglected, as the current
density produced by photoemission (< 100 A/cm?) is
orders of magnitude less than the space-charge saturation
value [12,13,20]. The wavelength of the optical excitation
pulse is Ay = 800 nm and the metal film parameters are
taken to be those of silver (m = 3) [13].

A calculated energy spectrum of SP-accelerated elec-
trons is shown in Fig. 1(b) for 7, = 5 fs, ¢ =0, and a
peak Egp = 1.8 X 10° V/cm (fluence of 1.5 nJ, spot size
60 wm [13]). Overall, the electron energy spectrum spans
the range from O to 750 eV and contains a low-energy peak
located at 70 eV. Two pronounced cutoffs, positioned at
values of 6; = 425 eV and §, = 685 eV, are clearly evi-
dent within the energy spectra. The origin of &; and &, is
directly associated with the acceleration mechanism. For
adiabatic ponderomotive forces, acceleration takes place
over many cycles of the SP wave, and a photoinjected
electron is allowed to “feel” many oscillations of the
Egsp. Over time, the electron acquires a velocity that is
proportional to the difference in the peak values of the
subsequent electric field oscillations that the electron sees
as it interacts with the SP field [21]. In such cases, where
Tlaser > 10, the difference in neighboring peak electric
field values is infinitesimal and translates into an equally
incremental change in electron energy, AK. Depending on
the time and location of emission into this field, an electron
can accumulate a number of these discrete energy differ-
ences ranging from 0 to nAK, where n is the number of
electric field oscillations comprising the optical pulse.

Since AK approaches zero for 7, > T, the associated
CEP effects will be insignificant. On the other hand, few-
cycle SP acceleration is nonadiabatic in nature as AK is no
longer infinitesimal. As the excitation optical pulse is
delta-function—like, the electrons accelerated by the re-
sultant SP wave will bear a signature of the underlying
phase since AK is much larger as compared to the case of
many-cycle pulses. The spectrum of Fig. 1(b) clearly
exemplifies this situation. In this case 7j,,; = 5 fs, there
are essentially only two periods (n = 2) at A = 800 nm,
which manifest themselves as 6, and &, within the electron
energy spectra.

To illustrate the dependence of energy of the SP-
accelerated electrons on CEP, spectra having various val-
ues of ¢ are overlaid with each other and plotted in
Fig. 1(c). While the spectra do not indicate any observable
dependence on ¢ below energies of 200 eV, it is observed
that the electron count above energy K = 300 eV (which
represents ~36% of the energy spectrum) has a marked
dependence on ¢. As shown in Fig. 1(f), for an energy
range K > K, (=300 eV), there is a clear sinusoidal
relationship between the electron count, Q, and ¢:
O(Ko, ¢) = A(Kp) sin[¢ + ¢o(Kp)] + Qp, where ¢,(Ko)
is the initial phase of the Q waveform for the energy range
specified above K, A(K,) is the amplitude, and Q) is the
baseline offset. Of particular interest is the contrast ratio,
{ = A(Ky)/Qp, which can be used as a figure of merit for
the degree of CEP phase control. Shown in Fig. 1(f), we
measure a significant { = 10%, corresponding to a change
of 7% of the total number of electrons within the spectra.

Up to this point we have been considering two-cycle
laser pulses (Tjeer ~ T); to further demonstrate the phase
sensitivity of the SP acceleration process at longer pulse
durations, Ty, is increased to 12 fs. Shown in Fig. 1(d) are
the calculated electron energy distributions generated us-
Ing Tieer = 12 fs for ¢ = 0 to 277. Overall, each curve has
the same characteristics of the spectra shown in Fig. 1(c).
Since the longer 7, allows more interaction time be-
tween the photoinjected electrons and Egp, the peak and
maximum energy have up-shifted by 20% [12]. Despite the
fact that we have used an optical pulse having 7y, ~
4.5T), the electron energy distributions still exhibit a sig-
nificant ¢ dependence. Careful inspection of the energy
distributions reveal n ~ 5 distinct regions where the elec-
tron count changes significantly with the CEP, matching
approximately the number of optical cycles in the 12 fs
pulse. With the choice of a discrimination range K, =
720 eV, the sinusoidal Q(K,, ¢) curve shown in Fig. 1(g)
is obtained. Again, a contrast ratio of up to 10% is realized.
However, owing to the increased pulse duration (and
hence, less pronounced CEP effects), this sinusoidal varia-
tion accounts for <1% of the total number of electrons
comprising the spectrum. As expected, when 7, is fur-
ther increased to 30 fs, all indications of ¢ sensitivity
vanish as evidenced by the indistinguishable overlapping
electron energy spectra shown in Fig. 1(e).
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FIG. 2 (color online). AQ(K,, ¢) surface plots illustrating the
electron count as a function of both K, and ¢ for (a) 7j,i; = 5 fs
and (b) 7y, = 12 fs. Constant K, cross sections along surfaces
are shown for both 7,., = 5 and 12 fs, indicating that Q(Kj, ¢)
can be tailored to yield either sinelike or cosinelike waveforms.

To investigate the nature of the phase sensitivity and its
relationship to electron energy, K|, is continuously varied
across the entire energy spectra of the SP-accelerated
electrons. Figure 2(a) illustrates AQ(Ky, ¢) = Q(Ky, ¢) —
Qo and its variation with both K, and ¢ for 7y,i., = 5 fs.
For a fixed ¢, it is observed that AQ(K,, ¢) remains
relatively constant as K|, is varied from 0 to 300 eV. The
lack of CEP sensitivity of the low-energy electrons [ <
300 eV, see Fig. 1(c)] is attributed to the fact that these
electrons do not spend sufficient time interacting with Egp
field and/or are injected near the edges of the SP wave
[12,22]. In either case, the underlying CEP is not imprinted
onto those particular low-energy electrons. However, for
the energy range 300 eV < K, < 600 eV, ¢q(K,) differs
by ~1.17 and is manifested as a phase displacement of
AQ(Ky, ¢). Constant K, = 300, 450, and 600 eV cross
sections along the AQ(K,, ¢) surface shown in Fig. 2(a)
exemplify this phase shift. Over this energy range, only Q,,
and ¢, are changing, while the amplitude A(K|) remains
nearly constant. As K, continues to increase beyond
600 eV, ¢y(K,) is approximately constant, while A(K;)
decreases to zero as the spectral components of the kinetic
energy distribution vanish. The specific values of ¢, Q,
and A are intricately coupled to the exact position of K|
with respect to dynamical &; and &,. Evidently, it is
possible to tailor K, to arrive at an optimal value of
{(Ky) = 60% at K, = 600e¢V. It is also important to
illustrate that a phase-sensitive AQ(Kj, ¢) surface can be
achieved for even longer duration optical pulses of 7},e, =
12 fs as shown in Fig. 2(b). Here, five distinct regions,
corresponding to the number the optical cycles (n ~ 5), are
evident in the phase-sensitive map. Examination of con-
stant K, = 350, 600, and 750 eV cross sections along the

AQ(K,, ¢) surface demonstrate that Q(K,, ¢) can be either
“sinelike” or “cosinelike’’; however, the optimal {(Kj) is
reduced to 10% for K, = 750 eV.

In summary, we have shown that SP-electron accelera-
tion can be controlled directly through the CEP of a few-
cycle optical pulse. Model calculations reveal that the
phase-variation of the photoaccelerated electrons arises
from their ponderomotive interaction with the electric field
of the SP wave, and offers a method of optical control of
the acceleration process through the CEP parameter.
Coherent control over the processes surrounding collective
oscillations of the conduction electrons of a metal is rele-
vant to many fields of research. A potential short-term
outcome is the application to direct CEP measurement of
few-cycle laser pulses produced by laser-oscillator
systems.
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