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We report a study of surface-plasmon-mediated multiphoton photoelectric emission from thin
films of Ag, Au, Cu, and Al. The experiments were performed in the Kretchmann attenuated-total-
internal reflection geometry while the excitation source was an unamplified femtosecond colliding-
pulse mode-locked ring laser. Contrast to the electron emission obtained by irradiating the laser on
a metal surface, electron yield increases by several orders of magnitude with fairly high quantum
efficiency, is observed when photons are coupled to the surface-plasmon modes of these films. Al-
though the photon absorption reaches its maximum when the reflectivity exhibits a deep minimum
at the surface-plasmon resonance angle, it is found that the maximum electron yield occurs at a
slightly different angle than the reflectivity dip. The results of these measurements favor the field-
density calculations using the Fresnel equations. The width of the electron temporal profile, mea-
sured utilizing this nonlinear photoelectric effect, however, fails to show the narrowing commensu-

rate with the higher-order nonlinearity.

I. INTRODUCTION

Surface-plasmon- (SP) mediated enhancement phenom-
ena such as second-harmonic generation,"? hot-electron
generation,® Brillouin scattering,*> Raman scattering,®
photoconductivity in metal-oxide-metal tunnel junc-
tions,”8 and optical bistability®'® occurring at surfaces of
thin metal films have been examined for the past decade.
Linear photoelectric emission mediated via the SP from
thin films of cesium-enriched Ag and Al has also been in-
vestigated,'! ~!* but no systematic study has been per-
formed. Recently, we have demonstrated the surface-
plasmon-enhanced nonlinear photoelectric emission from
a thin silver film,!> where the electron yield was increased
by 5X 10° over that of the bulk emission measured for the
same film at the same power fluence. In this study, we
present a detailed investigation of the multiphoton pho-
toelectric emission mediated by the SP in other metal
films. This systematic study leads us to conclude that
electrons emitted via the SP are most likely due to the
enhanced electromagnetic field density localized at the
metal-vacuum interface rather than the increased absorp-
tion at the SP resonance, and the nonlinearity arises from
the coupling between the SP to the single-electron state.

Our interest in the multiphoton photoelectric emis-
sion'®"1° via SP excitation is to examine the possibility of
the nonlinear photoemission overtaking the linear photo-
emission process so that a higher quantum efficiency and
higher brightness electron source can be obtained from
metal cathode photoinjectors. Recent investigations of
electron emission employing the surface photoelectric
effect?® 2% have proven that the electron yield can be
enhanced by a factor of ~10 with p-polarized light.
Since SP field densities are strongly confined to the
metal-vacuum interface to within a few Thomas-Fermi
wavelengths, electrons emitted due to this high-field den-
sity could result in a higher yield than those emitted via
the conventional surface photoelectric effect.

The outline of the paper is as follows. In Sec. II a brief
description of the SP generation, dispersion relation, field
density calculations based on classical electromagnetic
theory, and the theoretical model of the linear and the
nonlinear photoelectric emission process are given. In
Sec. III the detailed experimental conditions are given.
In Sec. IV the experimental results and the comparison
with the surface-plasmon field density calculations are
presented. Finally, we draw our conclusions in Sec. V.

II. SP GENERATION, FIELD ENHANCEMENT,
AND PHOTOEMISSION

A. SP generation

Because of the lack of the conservation of energy and
wave vector, direct coupling between photon and SP is
forbidden. However, in this experiment, we employ the
well-known Kretchmann configuration for the generation
of the SP.2 Figure 1(a) shows the scheme of the
attenuated-total-internal-reflection (ATR) technique. A
thin metal film is thermally evaporated onto the hypo-
tenuse side of a BK7 glass prism (n =1.5154 at 625 nm).
A p-polarized laser beam irradiates at an angle of 6 at the
metal-glass interface from the glass side. After passing
through the critical angle, the photon field couples to the
SP via the evanescent field, which converts the transverse
electromagnetic photon field into a mixture of transverse
and longitudinal SP fields at the metal-vacuum interface.
The momentum matching condition can be satisfied when
the parallel component of the photon wave vector k,, ex-
tended by the glass prism, matches that of the SP. By
varying the incident angle 6, photon coupling to the SP
can be evidenced by a drop of the reflected laser intensity.
After including the frequency dependence of the dielec-
tric constant for a metal from the Drude expression
€,=1—w} /w’, the dispersion curve
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is then plotted in Fig. 1(b).

According to this scenario, changing the angle of in-
cidence would bend the laser light line in vacuum to cross
the SP curve until conservation of energy is fulfilled. At
the SP resonance angle Ogp, the photon field will couple
linearly to the SP mode at the metal-vacuum interface.
Since the high-field density occurs at the surface of the
metal, the emission of electrons suffering no electron-
electron collision could be made possible.

B. Field enhancement

The field enhancement at the metal-vacuum interface
can be calculated with the Fresnel reflection and
transmission coefficients. Figure 1(c) illustrates the nota-
tions used. The Fresnel reflection R |,; and transmission
T ,3 coefficients for the three-layered structure are

21iW
R 7, trye 2)
123 v
1+r,rp3e?Y
v
_ Iptye
Ty= 3V (3)
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where W=k,,d, and k;, =(w/c)(€; —¢€;sin’*8,)!/%. For p-

polarization, the single-interface Fresnel coefficients be-
tween media i and j are

€k, — €k,
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where €; and €; are the dielectric constants. For s polar-
ization, the indices permuted as [ii] and [jj] instead of
[ij] and [ji]. The absolute values of the coefficients R ,,3
and T,; are the ratio of the amplitudes of the backward-
and forward-traveling electromagnetic field to that of the
incident field, respectively. Calculations of the enhanced
electron yield based on photon absorption would require
one to take the ratio of R,; to Rj,;, where media 1, 2,
and 3 are glass, metal, and vacuum, respectively. Howev-
er, when electron-yield enhancement is calculated based
on the work done by the photons on the metals, one must
consider the ratio of the fields E,,, to E;,, which are lo-
cated at the metal side of the metal-vacuum interface for
the cases of SP resonance and nonresonance, respectively,
where

ti(1+7,3)e™
Ey=Ep=—""—+, 4)
122 SP 1+r12r23e2’“’
ty(1+7,e2Y)
2iv

Ey=E s 1 frorne (5)
while Egp and E_.gp correspond to the reflected field at
the SP resonance and the transmitted field for the nonres-
onance case, respectively. This comparison can be made
when the p-polarized laser beam irradiates the metal film
from the vacuum side onto the metal film at the same in-
cident angle, hence the nonresonance case.

The resonance of the SP field occurs when the laser
field exerts work done on the current density of the metal
film. At optical frequencies, the small damping (because
of the small imaginary component of the dielectric con-
stant) in noble metals results in a larger SP field. Howev-
er, like all driven oscillators, the phase of the polarization
field always lags behind the phase of the driving field.?*
Hence the resonance angle exhibited by the reflectivity
measurement is not.the same as the resonance angle
shown by the maximum amplitude of the SP field. De-
tails of this phenomenon has been examined theoretical-
1y?*~2?" and experimentally'* by several investigators. In
this experiment, electron emission via the SP also serves
uniquely to support this hypothesis by comparing the res-
onance angle registered by the minima of the ATR spec-
tra to their corresponding electron-emission maxima.

C. Photoelectric effect—linear and nonlinear

The generalized Fowler-Dubridge theory?® is used to
interpret the results of our experiments. Within the con-
text of this phenomenological theory, electron emission is
the result of the partial current densities contributed by
all higher-order processes. One can write the total
current density as

I=3J,, ‘ )
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The order of the multiphoton process is denoted by n, a,
is an experimentally determined constant which contains
the transition matrix elements and the electron escape
probability, A4 is the theoretical Richardson constant
equal to 120 A/cm? K?, e is the electron charge, kv is the
photon energy, ¢ is the work function, 7 is the absolute
temperature of the sample, I is the incident laser intensi-
ty, k is Boltzmann’s constant, R, is the reflectivity of
the three-layered structure, b, is the nonlinear coefficient,
and F is the Fowler function given by

< (_qyn+1e™ <
> (=1 >, x=0
n=1 n

F(x)= 2 2 © nx
1’6—+"7—§(—1)"+18 —, x>0

n=1 n
The first term of Eq. (6),
Jo=ayAT? ~9/+T (8)

is the thermionic emission, while the second term,

Ji=a, 4 1-rTE |22 ©)

€
v

is the linear photoemission. It is worth pointing out that,
according to Eq. (6), electron currents contributed by
higher-order nonlinear processes do exist, but with negli-
gible effect, even though only linear or thermionic pro-
cesses are invoked. Vice versa, diminutive contributions
due to linear and thermionic emission also exist when
multiphoton processes are explored.

When electron-yield calculations based on the change
of the absorption are considered, one would compare the
enhancement by taking the ratio of the J, for the SP res-
onance to that of the nonresonance case. Since the ma-
terial constants denoted by Eq. (7) are identical for the SP
resonance and the nonresonance case, therefore, when
comparisons are made based only on the absorption, the
ratio of the final electron current output density is given
by

n

1—R 5
1—=R 3,

(Jn )SP

(10)

(J" );‘éSP absorption
However, for the SP-mediated nonlinear photoemission it
is the plasmon field rather than the much smaller
[I(1—R,3)]" phenomenological absorption that causes
the ejection of electrons. Therefore it is conceivable that
one should replace this absorption term by the total (in-
cident plus reflected) SP electromagnetic field that is lo-
calized at the metal side of the metal-vacuum interface.
This ratio is then given by
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where E3,, and E |, are the reflected fields from the oppo-
site interface to the metal-vacuum boundary. They are
also given by Egs. (4) and (5), respectively, but with
different indices. In Sec. IV a comparison between Egs.
(10) and (11) with the data will be made.

III. EXPERIMENTAL DETAILS

The metal films used in this study are Ag, Alg, Al, and
Cu, their thickness are 475, 455, 110, and 430 A, respec-
tively. These thicknesses are obtained from fitting the
Fresnel coefficients to the experimental ATR spectra.
The thin films are thermally evaporated from 99.99%
pure metal wires under a vacuum of 10~ ¢ Torr. All films
were exposed to air (less than 10 h) so that electrical con-
nections would be made. Each sample is then inserted in
a separate experimental chamber and pumped down to a
vacuum of 10~ Torr with proper degasing and baking.

The laser source is an unamplified colliding-pulse
mode-locked (CPM) laser pumped by a 4-W all lines out-
put of an Ar-ion laser. The dye laser optical pulse train
has a repetition rate of 89.5 MHz with a pulse duration of
90 fs at 625 nm. Figure 2 shows the schematic of the ex-
perimental details. After passing through a combination
of A/2 wave plates and polarizer, the p-polarized laser
beam is focused to a spot size of ~5X10~° cm? using a
15-cm focusing lens, and irradiates the metal film from
the glass side at the SP resonance angle ~43°. The first
A/2 wave plate and the polarizer act as a variable at-
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FIG. 2. Experimental arrangement for the SP-enhanced mul-
tiphoton photoelectric emission from metal films.
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tenuator to facilitate the intensity-dependent measure-
ments, while the second A /2 wave plate varies the input
polarization of the incidence beam from p to s so that the
SP field can be varied from full thrust to zero. An extrac-
tion voltage of 1 kV is applied to a copper anode ring
held ~ 3 mm in front of the metal film to eliminate the
space-charge effect. The quasi-dc current leaving the
metal film is detected by an electrometer. Alternatively,
lock-in technique has also been used to avoid residual dc
background. Results from both techniques are in reason-
able agreement. After digitization, the data are then
stored in a computer for further analysis.

The ATR spectrum and the electron emission are mon-
itored simultaneously when the incident angle of the laser
beam is varied using a rotation stage. Although the exact
angles of incidence are calibrated against the reflection off
the normal incidence on the hypotenuse surface, the ac-
curacy of the rotation stage limits the resolution to
+0.5°. However, the reflectance and the electron current
are registered simultaneously; therefore the relative angle
between both spectra are accurate to within +0.06°.

The work functions of the metal films are measured us-
ing a Xe-Hg white-light source. Each output line of the
Xe-Hg source is selected by a monochromater with a
bandwith of 2.4 nm. Electron current output from each
Xe-Hg line is normalized with respect to the response
from a pyroelectric detector.

A programmable 0.l-um resolution microstepping
translation stage synchronized with the detection system
is used to measure the electron temporal profile using the
multiphoton photoelectric emission. In this experiment,
both output beams from the CPM laser are employed to
irradiate and resonantly couple to the SP modes. These
beams are propagated collinearly, but were spatially
offset vertically by a two-beam diameter before entering
the focusing lens. Therefore, after final focusing both
beams are capable of generating the SP. When the beams
are spatially and temporally overlapped, electron emis-
sion due to higher-order processes would occur.

IV. RESULTS AND ANALYSIS

A. ATR and electron-emission spectra

Full analysis of the SP requires a theoretical fit to an
experimental ATR spectrum obtained from a well-
collimated monochromatic light source, so that the pre-
cise metal dielectric constants and film thickness can be
derived. Figure 3 shows the experimentally and theoreti-
cally fitted p- and s-polarized ATR spectra for a well-
collimated (unfocused) He-Ne laser. The dielectric con-
stants for the fitted spectra displayed in each figure are in
good agreement with the literature values.”’ The residual
reflectance at the SP resonance angles, 42.89° for Ag,
44.18° for Au, 44.31° for A1, and 43.06° for Cu, are due
to the unoptimized film thickness. From these results, it
is clear that s-polarized light does not couple to the SP
mode.

Figure 4 shows the experimental p- and s-polarized
ATR spectra and their corresponding normalized elec-
tron yield for all four metal films when the focused CPM
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laser beam is used. The simultaneous absence of both the
SP reflectivity dips and the electron-emission peaks with
s-polarized laser beams are distinctively noticeable. Also,
the width of the electron peaks, in all cases, are narrower
than their ATR dips, indicating the presence of the non-
linear process. With the exception of Ag, all p-polarized
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ed.

ATR spectra depicted in Fig. 4 reach ~0.1 at the SP res-
onance angles. The discrepancy for the Ag film can be
understood by comparing the ATR spectra of the col-
limated He-Ne laser (Fig. 3) to that of the focused CPM
laser (Fig. 4). Since the efficient coupling of the photon
field to SP depends critically on the purity of the
k, =k,;85in0 wave vectors, a well-defined 6 and k.,
are essential. However, multiphoton photoelectric emis-
sion depends not only on the coupling efficiency, but also
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on the incident laser power density. Therefore a partially
focused CPM laser beam is employed to couple the
unamplified photon field to the SP modes. Since the
width of the ATR dip of the Ag is quite small, ~0.25°,
corresponding to a 8k, of 485 cm ™!, therefore unlike the
other films, this width is sensitive to the purity of the
photon wave vectors. Furthermore, this momentum
wave vector impurity is also entangled with the large in-
trinsic 8k vector, 1045 cm ™!, delivered by the transform-
limited 90-fs-pulsed CPM laser.

The theoretical fit to the p-polarized ATR spectrum us-
ing Eq. (2) is plotted in Fig. 5 together with the normal-
ized field density calculations based on Egs. (4) and (5),
but raised to the power 2n for the n-photon process, i.e.,
|E 5 +E,e™|?". Good agreement between theory and
experiment are found on all films except Al. Table I lists
a summary of the experimental and theoretical values,
where 860gp is defined as Ogp_g —6Ogp_ . For Al, a shift
in the peak of the electron emission towards the smaller
angle of incidence by 0.95° and a substantially narrower
full width at half maximum are predicted, but not ob-
served. Since all films were exposed to air for a brief mo-
ment and electron emission is more sensitive to surface
conditions than the ATR spectra, this discrepancy might
be due to the oxide formation of the Al film. To account
for this behavior more accurately, one might have to
weigh the electron-emission process between the SP field
and the ATR dip simultaneously.

B. Multiphoton photoelectric effect
and electron-yield enhancement

The nonlinear behavior of the electron emission with
and without SP excitation were studied by varying the in-
put laser intensity and measuring the output electron
current. The logarithmic plots shown in Fig. 6 indicate a

TABLE I. Summary of field-enhancement calculations.

Ag Au Cu Al
Film thickness (A) 475 455 430 110
€, (fitted) —17.5+1i0.5 —10.6+i0.8 —10.3+i1.1 —41+i21
Theory Ogsp_p (deg) 42.88 44.13 44.29 42.90
Theory 6Ogp_ (deg) 42.87 43.97 44.02 41.95
Theory 86sp (deg) 0.01 0.16 0.27 0.95
Experiment Ogp_p (deg) 42.89 44.18 44.31 43.06
Experiment 86gp (deg) 0.01 0.28 0.19 0.28
n photon 2 3 3 3
Rsp (SP resonance) 0.32 0.15 0.07 0.02
R _+gp (normal incidence) 0.95 0.833 0.755 0.59
Measured enhancement 3500 1000 2500 50
QE at SP at 50 MW/cm? 1077 8§x1077 0.5x1077 0.016 X107’
=Ry |" 185 125 54.7 13.6
1—R.xsp ’ '
|E 1y +E e’ 3.89 2.66 2.34 0.81
|Ey + Eqpe’™| 0.453 0.558 0.562 0.285
E122+E129N "
— 5437 11735 5144 515
Est+Espe’
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FIG. 6. Peak electron current density plotted against the
peak input laser power density for Ag, Au, Al, and Cu films at
SP resonance and nonresonance. The nonresonance photoemis-
sion is obtained by irradiating the laser at ~43° onto the metal
film from the vacuum side.

two-photon process for Ag film and three-photon pro-
cesses for Au, Al, and Cu, regardless of the coupling con-
ditions. The maximum electron current density achieved
with the SP is ~2.5 A/cm?, at the power density of
5% 107 W/cm? from Ag. This corresponds to a quantum
efficiency (QE), the number of electrons per fundamental
photon, of 1X 1077, Notice that the input photon energy
per pulse is only ~0.2 nJ, and the QE improves linearly
with input power for a two-photon process and quadratic
with a three-photon process. Therefore the advantage of
multiphoton photoemission is immediately clear. We
should note that although electron currents reach ~ 10
A/cm? at 1 kV bias, the space-charge effect is still negligi-
ble until ~ 1 kA/cm?2.3® The absence of a space-charge
effect in this experiment can be illustrated by the linearity
of the lines shown in Fig. 6, indicating the continuous
flow of electrons even at the maximum laser power.

The work function of crystalline Ag is ~4.3 eV (Ref.
31) and the photon energy used is 2 eV, hence the fact
that a two-photon process is observed on Ag is interest-
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ing. However, characteristics of thin metal films are
different from their bulk materials. Therefore the work
functions of each individual film is measured with a Xe-
Hg white-light source. Results are plotted in Fig. 7 and
are tabulated in Table II. Indeed the ¢ of the 475-A-
thick Ag film is only 3.65 eV, thus a two-photon process
is adequate to eject an electron. However, Au and Al are
also measured to have a ¢ lower than 4 eV, but a three-
photon process is required. Possible explanations are sur-
face contamination and perhaps onset of the thermally
assisted photoemission. !

Since photoelectron emission is a single-particle excita-
tion while SP is a collective excitation, it is conceivable
that the 2-eV photons couple to the fundamental SP. En-
ergy stored by the SP mode is then dissipated via cou-
pling to the single-electron state, which is believed to
have a rather high coupling efficiency.>?> This process re-
sults in the ejection of electrons closely resembling a reg-
ular photoemission. To understand the electron-emission
process via the SP, we examine the possibility of other
electron-emission channels. Under our experimental ar-
rangement, momentum matching conditions forbid the
nonlinear coupling between the photon and the second-
harmonic SP.%3? Furthermore, electron emission due to
absorption of a photon and second-harmonic generation
at the metal-vacuum interface has low probability.**
Therefore we believe that the nonlinearity of the electron

TABLE II. Multiphoton parameters and the work functions.

Ag Au Cu Al
Film thickness (A) 475 455 430 110
n photon 2 3 3 3
Work functions (eV) 3.65 3.8 4.2 3.9
a, with SP (cm?/A)" 3.2x1072 3.0X1073! 2.3X107% 5.7X1073%
b, with SP (Acm*"~V/MW") 1073 1.6X107* 8X107° 3.2x1077
a,#SP (cm?/A)" 1.9X10™%# 2.6X10732 8.7X 107 1.5x 1073
b,#SP (Acm?"~V/MW") 3.2X1077 8x 1078 5.6X107° 6.4X107°
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emission in our experiment arose from the nonlinear cou-
pling between the SP and an individual electron. The re-
sults obtained from Fig. 6 can be used to estimate the
constant a, appearing in Eq. (7). One can then infer the
electron escape probability and the multiphoton absorp-
tion coefficient b, from the simplified form of Eq. (7).
Results of these calculations for a, and b, of Ag, a; and
b, of Au, Al, and Cu are tabulated in Table II. Unfor-
tunately, literature values exist only for tungsten!® and
gold® at different wavelengths and input power density,
therefore a direct comparison cannot be made.

The enhancement of photoelectric emission due to SP
resonance is shown in Fig. 6 by comparing the electron
yield at the SP resonance angle to the yield obtained by
irradiating the metal films at ~43° with the same p-
polarized beam from the vacuum side. The measured
electron yields are 3500, 1000, 2500, and 50 times higher
than that of the nonresonance cases for Ag, Au, Cu, and
Al films, respectively. Theoretically calculated electric
fields using Eq. (11) are done. Figure 8 plotted the calcu-
lated total electric-field densities across the metal films
when the SP’s are in resonance (solid lines). For nonreso-
nance irradiation, the total fields are also plotted (dashed
lines); however, the laser beam is emerging from the vac-
uum side instead. To evaluate the enhancement factor
based on the SP field, we calculate the ratio of the total
field of each film raised to the 2n power at the metal side
of the metal-vacuum boundary. The magnitude of these
electric fields are also reproduced in Table I. A compar-
ison of the enhancements between theory and experiment
indicates that enhancements based on reflectivity mea-
surements are not as reliable as the field calculations.
However, field density calculations seem to have overes-
timated the enhancement, while reflectivity measure-
ments have underestimated it.
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FIG. 8. Work functions of the thin films used in this study.
The measurements are done using a Xe-Hg white-light source.

C. Electron temporal response

The electron temporal profiles are measured on
different metal films utilizing the multiphoton photoelec-
tric effect. Unlike semiconductor photocathodes,*® the
temporal response of a metal photocathode is believed to
be limited only by the existence of surface states and the
transit time for the electrons to diffuse to the metal sur-
face. Real-time measurements of the electron pulse dura-
tion become almost impossible in the femtosecond time
regime. However, nonlinear photoemission employing
two collinear femtosecond laser beams is in fact a
higher-order correlation. Therefore the correlated elec-
tron yield gives directly the electron pulse duration when
they are spatially and temporally overlapping on the met-
al surface.

The results of these measurements on all four metal
films are depicted in Fig. 9. The electron high-order
correlated temporal profiles strikingly resemble that of
the laser autocorrelations. The agreements of the Ag film
are reasonable because both the laser autocorrelation and
the multiphoton emission are second order. However,
the multiphoton electron emission from Au, Cu, and Al
is a third-order process (see Fig. 6), therefore the intrinsic
electron temporal profile should be narrower than the
laser autocorrelation by a factor of V'3/2, assuming
Gaussian pulses. More studies are required to fully un-
derstand this discrepancy.

It has been speculated that some fraction of photoelec-
trons emitted from metals originate from a thin layer of
metal surface.’’” These photoelectrons might have
suffered electron-electron collisions. According to dc
conductivity measurements, the electron-electron scatter-
ing time is ~30 fs. The laser pulses employed in this ex-
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FIG. 9. Electron temporal profiles (solid lines) using multi-
photon photoemission and the corresponding laser autocorrela-
tions (dashed lines) from second-harmonic generation from a
100-pum-thick potassium dihydrogen phosphate crystal.
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periment are ~90 fs; therefore, if photoelectrons have
suffered collision, a broadened electron temporal profile
would have resulted. But the fact that no noticeable
broadening is observed leads us to conclude that the ma-
jority of the photoelectrons do not suffer any electron-
electron collisions. The absence of this temporal
broadening also reveals that no thermally assisted photo-
emission is occurring,19 and the temperature of the non-
equilibrium electrons®®3° did not contribute any
significant photoelectrons.

V. CONCLUSIONS

In conclusion, a two-photon-like photoemission from a
475-A-thick Ag film and a three-photon-like process from
films of 455-A-thick Au, 430-A-thick Cu, and 110- A-
thick Al are found when they are irradiated by a 2-eV
photon source. When photons are coupled resonantly to
the SP modes, electron-yield enhancement of 3500, 1000,
2500, and 50 higher than that of the bulk emission mea-
sured for the same film at the same power fluence are ob-
served from Ag, Au, Cu, and Al, respectively. QE’s of
1077, 8X 1077, 0.5X 1077, and 1.6X107° are obtained
from SP-mediated electron emission from Ag, Au, Cu,
and Al films, respectively, at the input power density of
50 MW/cm?. Based on a theoretical investigation, we
found the nature of the enhancement favors the localized
SP field calculations using the Fresnel coefficients rather
than the absorption relying on the reflectivity measure-
ments. By monitoring the electron current and the
reflectivity simultaneously, we have shown that electron
emission peaked at a slightly different incident angle than
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that registered by the ATR spectra, which was predicted
by the SP field calculations. We have also demonstrated
the electron-pulse duration measurement in the fem-
tosecond time regime using the nonlinear photoelectric
effect. The electron pulse durations are found to be only
limited by the laser. However, the width of the electron
pulses fail to narrow, commensurate with a higher-order
autocorrelation.

In the SP-enhanced electron scheme, the electrons are
ejected in a forward direction with respect to the laser
beam, thereby reducing the possible interaction of the
electrons with the intense photon field and consequently
suppressing electron momentum broadening.*® The max-
imum SP field density at the metal-vacuum interface
could ensure a larger fraction of the photoelectrons es-
caping to the vacuum, and the nonequilibrium of hot
electrons generated using the ultrashort laser pulses may
provide a condition favorable for the creation of a
ballistic-type high current density electron beam. The
upper limit of the peak electron current density, however,
is governed by the damage threshold of the thin metal
films. This precious information remains to be explored
at the femtosecond time regime.
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