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surfaces in the short pulse limit
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Photoelectrons with excess kinetic energy corresponding to several absorbed photons above the
work function have been measured from atomically cleafl@d and Cy100 surfaces under
ultrahigh vacuum conditions. The power dependence of the photoemission yield does not follow a
simple power law dependence corresponding to the number of photons absorbed. This behavior is
reminiscent of other above threshold ionizati@T1) or tunnel ionizationTl) processes observed

for atoms in the gas phase. The photoelectrons are generated with laser pulsewidths less than 100
fs in duration and peak powers as low as 100 MWAcihese intensities are on the order of 10

times lower than that required to observe similar phenomena in the gas phase. The relatively low
intensities and correlation with surface roughness suggests a contribution from a surface
enhancement mechanism. Thermal heating and space charge effects have been ruled out, and the
possibility of electric field enhancement at the surface due to the coupling of photons into surface
plasmons is discussed. The nonlinear yield and enhancement of the photoemission produced by
short pulse excitation needs to be considered when discussing photoinduced hot electron reaction
channels at metal surfaces. 95 American Institute of Physics.

INTRODUCTION sharp features in the photoelectron spectrum. On the other
hand, since the occupied density of states in a metal has a
There exists a great body of research on the topic okharp cutoff at the Fermi energy, it is possible to measure a
above threshold ionizatiofAT) of isolated atoms in the gas series of plateaus, rather than peaks, separated by the photon
phase. Briefly, ATl is a multiphoton process in which an excitation energy. One intriguing possibility present during
atom absorbs more photons than the minimum necessary f@ATP that is not allowed in ATl is that there can be significant
ionization® With laser intensities in the #8-10" W/cn?®  field enhancement at the surface caused by surface plasmons,
range, as many as 40 peaks, have been reported in the elégage states, and/or adsorbate induced dipole fields.
tron energy distributiod. The number of review articles on A few recent studies in which the classic ATP behavior
this topic is evidence of the experimental and theoretical inof multiple peaks or plateaus separated by the incident pho-
terest in this phenomendr. Despite the great amount of ton energy in their photoelectron spectrum from a metal sur-
interest in gas phase ATI, comparatively little has been don¢ace have been reportéd’ All these previous studies em-
to date concerning ATI at solid surfaces, often called abovéloy relatively high pulse energy>100 uJ/cnf/pulse or
threshold photoemissiofiATP).> peak intensity>10 GW/cn¥) laser pulses. Together with the
Our work is motivated by the desire to use current ATl relatively long pulse durations involved, it is difficult to be
theories to understand the more complicated behavior obsure that these results are not influenced by space charge
served at a metal surface. Several new considerations arise @ects, i.e., energy gained during the field-free Coulomb ex-
a result of the solid state medium. ATI spectra can showjosion of the electron cloud on the way from the sample to
peaks due to resonances induced by the AC Stark shift arishe detectof.
ing from the enormous light fieldexcited bound states are In this paper we present the first observation of ATP
shifted into resonance with an intermediate number of phOspectra from single crystal copper surfaces in the “very
tons. In a metal, however, the continuum band structure proshort” pulse regime, where very short refers to pulse dura-
hibits any Sharp features, and Only AC Stark shifts into resoOtions less than~500 fs (Ref 3, and we also provide analo-
nance with surface states and image statem produce gies with ATI and tunnel ionizatiofT1) experiments. Using
pulse durations less than 100 fs, the electrons are produced
dpresent address: Laboratory for Technical Chemistry, ETH Zurich, 809With the kinetic energy possessed at the moment of photo-
Zurich, Switzerland. emission, rather than the value that they would attain in a

YPresent address: Department of Chemistry, Yale University, 225 Prospeaj ” :
. g ' n I I ration greater thanO. m re-
St., New Haven, Connecticut 06520. ong pulse (pu se duratio greate 0.5 pf) easure

9Present address: Department of Electrical Engineering and Computer S¢n€nt, ‘_Nhere the electrons can vaUire .Signiﬁcant amounts of
ence, Old Dominion University, Norfolk, Virginia 23529. the quiver energy back from the light field due to pondero-

8608 I0adkdChemyBIYS0#82:21) & Yine 4985 —Redistrind0RL-28R0R%L10262 L) BE0RL/E6:000 pyright, ~<Bel IR APETiEBD IRALIIS B ISSS



Aeschlimann et al.: Surface enhanced multiphoton emission 8607

motive acceleratiol.Furthermore, we ensure that the aver- Pulse broadening due to the group velocity dispersion of the
age number of electrons emitted per pulse is on the order afncompensated pulse as it passes through focusing lenses
one in order to avoid space charge effects as discussed fand the chamber window leads to a pulse width of roughly
Petiteet al® In the present study, electrons with as much as 7100 fs at the sample. Some of the results presented here
eV kinetic energy have been measured. The present work iequired the use of a regenerative amplifier utilizing chirped
unique in that far lower laser pulse energy and peak intensitpulse amplificatiort® The amplifier is pumped by an intra-
are used in this study than in previous work. This allows uscavity doubled YLF laser operating at a repetition rate of 1
to rule out several possible competing mechanisms, such &z that provides about 3 W of pump power. The output of
space charge acceleration, transient thermionic emission, atide regenerative amplifier is about 4@Q/pulse before re-
ponderomotive acceleration. Finally, it is necessary to finctcompression, and 18@J/pulse after recompression, and the
rough spots on the surface when using these low intensitiepulse width is roughly 200 fs after recompression for the
which indicates that surface roughness plays a critical role istudies performed here.
this process. The ultrahigh vacuum system uses standard techniques
Apart from the intrinsic interest in the surface—laser fieldto achieve a base pressure of 20 1° Torr. Our C4110) and
interaction that leads to electrons with large excess energZu(100) samples were cleaned by heating in oxygen to re-
there are also important surface photochemical issues amove bulk carbon impurities and then further cleaned by
which these observations may have an impact. Many photaepeated sputter-annealing cycles. We chose Cu because its
processes at metal surfaces have been considered to be thelectronic structure is relatively simple, and has been well
mal in nature(i.e., simple laser heating of the lattjc@spe- studied. In addition, the laser photon energy of 1.6 eV is too
cially when employing high intensity pulsed lasérshere  small to excite eithed-band electrons or image states by a
has been an increasing amount of evidence that many afe photon process, which might otherwise complicate the
these processes are due to electronic excitations, hoWwevemterpretation of the results. The work function of @LO) is
Recently, a great deal of attention has been paid to nonthe#.5 eV, and that for Q00 is 4.6 eV. In either case, at least
mal photoinduced reactions in which vibrationally and rota-three photons are required to produce photoemission since
tionally hot desorption products are observed. These havihe photon energy is 1.6 eV. The Cu sample is mounted on a
been observed for one-photon as well as multiphoton excitamanipulator with five degrees of freedom that allows a vari-
tion. In either case, excited electrons are believed responsibkty of angles of incidence of the laser and detector angles to
for the reactiond?®12 be investigated. The photoelectron spectra were measured
These new observations of true surface photochemistrwith a 10 cm inner radius hemispherical energy analyzer
are generally interpreted as arising from subvacuum eleowith 1% relative energy resolution and a 10° acceptance
trons within the metal that couple to excited states of adsorangle. The data reported here, with the exception of the po-
bates at the metal surface. The electronic reaction channel Iarization dependence study, were obtained with the surface
multiphoton processes is separable from thermal mechaiormal parallel to the axis of the detector entrance, and the
nisms only when short pulses are utilized, that is, on timdaser beam making a 45° angle with the surface normal. The
scales shorter than lattice heating from the photoexcited elecrystallographid 010] direction lies in the plane defined by
trons. For one-photon processes, the electronic and thermtie laser beam and the surface normal. Transmission energies
contributions can be separated by using very low intensityf either 10 or 20 V were used, which leads to 100 or 200
illumination,*® but for processes that have a superlinear flumeV resolution, respectively. A3.0 to 6.0 V bias is applied
ence dependence, or when time resolved studies are carriéal the sample to eliminate the effects of any stray electric
out with short pulsewidth$<1 p9, it is necessary to have fields. The applied bias voltage extends the rangle siates
high intensity pulses, and the only way to separate thermdbeing collected, but contributes less than 0.11 eV uncertainty
mechanisms from the electronic mechanisms is to use veryp the energy resolution since the bias is small and copper
short pulsewidth$<100 fg. This has been done successfully exhibits nearly free electron behavior. The electron kinetic
by several groups, and brings up the role of large amounts afnergies reported here have the kinetic energy due to the bias
sub-vacuum electrons. The production of potentially largevoltage subtracted, and correspond to the kinetic energy of
numbers of highly reactive sub-vacuum and above-vacuurthe photoemitted electrons leaving the metal surface.
photoelectrons also needs to be considered in this problem
because these electrons have been shown to efficiently intedRESULTS

: &2—17 _ . . . . .
act with adsorbate moleculés}~*"The present work char A schematic representation of the photoexcitation with

acterizes this aspect of the photophysical processes operatiﬂge laser fundamental, second harmonic, and third harmonic
at the surface, which may also contribute to the surface ph% shown in Fig. 1 T’he measured spe(;tra when using the

tochemistry. three different photon energies are shown in Fig. 2. The low-
est photon energy, shown &, corresponds to the funda-
mental laser wavelength at roughly 770 nm, or about 1.6 eV.

The laser system used in these studies consists of a sefhoton energiehv, andhv; are obtained by doubling and
mode-locked Ti:Sapphire laser pumped by about 7.7 W fromiripling the laser fundamental, respectively. Given the 4.5 eV
a cw Ar* laser. This system produces pulses with energy ofvork function of C{110), it is seen in Fig. 1 that photoemis-
about 10 nJ/pulse, with a pulsewidth of 70—90 fs at a repetision requires three photons at the laser fundamental, or two
tion rate of 82 MHz, and is tunable from 750 to 850 nm. doubled photons, or one tripled photon.

EXPERIMENT

Downloaded-27-May-2005-t0-128.138.140.6 P— RS R n YQhb Q2 - Poagd - AcdHRe 198 opyright, ~see—http:/jcp.aip.orglicp/copyright.jsp



8608

A hV2 4

EVAC

@ . hv,

Yield (Arb. Units)

Yield (Arb. Units)

102

10?

10!

100

103

102

10!

10°

Aeschlimann et al.: Surface enhanced multiphoton emission

a)

o

Kinetic Energy (eV)

b)

Kinetic Energy (eV)

104

£ 100
FIG. 1. Schematic representation of one-, two-, and multiphoton photoemis- = 102
sion spectra from copper. The photon energy of the laser fundamental is 'E
hvy, and that for the second and third harmonictis, andhv;, respec- et 10!
tively, and® is the work function. E 100

Kinetic Energy (eV)

The cases of one photon and two photon photoemissioRIG. 2. One-photon, two-photon, and multiphoton photoemission spectra
are in complete accordance with expectations, as seen fPm Cu110. (a), (b), and(c) are the spectra measured when using photon
Figs. 2a) and 2b). That is, the width of the photoemission g‘s‘zrf’:ﬁtse;’g;g'sh;hzl;:r;]dv:t’la{nfﬁgfft;ee'yixa‘lsofwyzgé?li%og'vmiﬁ’eak
spectrum is given by the total photon energy minus the workyng 1< 10° wicn?.
function. The behavior is completely different in the case in
which the laser fundamental is used. In particular, rather than
dropping off at the point in energy where three photons have
been absorbed, the kinetic energy of the photoelectrons exween a 10% photoemission yield on either side of the maxi-
tends 6—8 eV above the vacuum threshold. There are elecaum. The beam waisthe diameter of the &f points at the
trons being emitted whose kinetic energy would correspondgample surface is measured to be about 109 through
to the absorption of over seven photons. Studies of the laseneasurements with pinhole apertures which indicates a full
power dependence of the photoemission yield indicate thawidth at half maximum(FWHM) of roughly 60 um, and
the yield as a function of electron kinetic energy dows  yields an 85um projection on the surface since it is at a 45°
follow a power law based on the number of photons thatngle relative to the laser beam. These measurements place
correspond to the kinetic energy of the emitted electron, aan upper limit on the size of the hot spots and are consistent
seen in Fig. &). with roughness features that are far smaller than the laser

As the sample is moved around normal to the directiorbeam spot size.
of electron emission, hot spots are found at which the pho- Polarization studies were carried out on the(1IDQ)
toemission vyield increases dramatically, on the order of aample that support the interpretation of these results in
factor of 100—1000. These hot spots are much smaller thaterms of locally rough hot spots. Singepolarized light is
the laser beam waist at the sample. This was determined byiore strongly absorbed thampolarized light, it is necessary
translating the sample from side to side and measuring the rotate the sample into an orientation normal to the laser
distance from 10% of the maximum photoemission yield onbeam in order to prevent the polarization-dependent absorb-
one side of the maximum, through the maximum itself, andivity from affecting the polarization dependence studies.
to 10% of the maximum on the other side. Given that theThis causes the sample to be oriented at 45° relative to the
signal varies with the third power of the laser intensity, thedetector entrance and slightly lowers the absolute intensity of
10% points occur at roughly 50% maximum laser intensity.the signal, but it does not affect the relative intensities of the
We measured a distance of 865 um as the distance be- spectra obtained. The polarization was rotated with a half-
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FIG. 3. Typical spectra as a function of laser intensity. The intensity depen:[he light couples into the hot spot it is not affected by the

dence shown ifa) and(b) are each obtained for about 50% of the hot spots. Underlying crystallographic symmetry several tens of A
The laser intensities employed for the five curves @®.17 GW/cns, (i) away. Figure 4 shows the polarization dependence of the
0.28 GW/erd, (iii) 0.41 GW/crd, (iv) 0.68 GW/crd, (v) 0.89 GW/erd. The  photoelectron yield for three different hot spots. The solid
inset in b displays a log—log plot of the photoelectron yield vs the laser,. .

intensity taken while monitoring 0.8 eV electron kinetic energplid lines are the measured data, and the das.hed lines are the
circles and 2.5 eV electron kinetic energgolid squares The slope of the ~ results of fitting the observed normalized yields to the fol-

log—log plot at 0.8 eV is 2.8 and the slope at 2.5 eV is 3.2. lowing functional form:

N Y=A; co2"(0— 1)+ A, cOL"(0— ) +C, 1
wave plate such that the position of the beam on the surface 1 CoS(6— ¢1)+ A, cOS™(6— ) +C (1)

did not change. It is found that the signal has a twofold

symmetry as a function of polarization rotation. That is, thatthe yield is given byy. The coefficient#\; andA, determine
maxima(and minima are separated by 180° of polarization the maximum contribution from the c8%6— ¢) terms, 6 is
rotation, but the maxima and minima are not necessarilfhe amount of rotation of the laser polarization, in degrees,
aligned with the crystallographic axes. Furthermore, if the¢, and ¢, are the phases for each contribution, also in de-
crystallographic axes were significantly affecting the signalgrees. A constant offset is specified By The cog"(6— ¢)
level, there would be horizontalind vertical maxima, where angular dependence was chosen to describe a dipole excita-
the fourfold symmetry reflect the underlying fcc lattice alongtion mechanism with an intensity dependence that varies as
the [100] direction. There are also secondary maxima andhe laser intensity taken to thth power. The parameters for
minima as a function of polarization rotation at more or lesseach of the curves in Fig. 4 are given in Table I. It is ex-
arbitrary polarization. Sometimes hot spots are found thapected than should be 3 if the yield depends on the laser
have maxima with vertical polarization, sometimes withintensity cubed, as is shown in the inset of Figh)3This, in
horizontal polarization, and sometimes at intermediate posifact, provides a reasonable fit in Figgagand 4b), but not
tions, all with equal probability. This indicates that the roughFig. 4(c). The purpose of plotting the polarization depen-
spots destroy the order at the near-surface region, and whelence is to demonstrate the varied responses for different
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TABLE I. Parameters used to fit the curves in Fig. 4 to the functional form
shown in Eq(1). The coefficient#\; andA, were constrained to be equal in 10° £
parts(a) and(b). F

Curve A, A, & b, n c - |
Figure 4a) 058 058 36 134 3 041 E B
Figure 4b) 072 072 32 173 3 000 2 [
Figure 4c) 0.28 6 1 0.68 Z 10° £

e
=
>
=]
8 107 E
5
£

roughness features rather than perform a detailed, quantitag
tive analysis of the functional form that best describes the 10' ¢
polarization dependence. F
The twofold symmetry arises because the laser polariza-
tion has twofold symmetry and there is a strong, yet ran-
domly oriented, polarization dependence for any given hot
spot that is not related to the underlying crystal axes. The
polarization dependence of a roughness feature arises froHI'G. 5. The effects of space charge are clearly seen as the laser intensity is
the fact that this is a nonlinear process, and if the light prefincreased from 1.810° (dotted ling to 2.6x10' (dashed lingto 1.2x10"
erentially couples into a certain orientation on the roughnes¥/cn (solid line). As space charge effects become greater, a bulge devel-
feature, then there will be a strong enhancement when the?® " the high energy portion of the spectrum.
polarization is rotated into that particular orientation. The
maxima at other angles and the offset from zero seen at some
hot spots could be due to several roughness features Witl}%ISCUSSION
different orientations that are very close to each other, or a It is necessary to first rule out three possible mechanisms
single roughness feature that happens to be able to efficienttjiat might be thought to produce the observed spectra before
absorb light of a variety of polarizations. discussing the underlying cause of these observations. First,
We find that the occurrence of hot spots is increasedhe possibility of space charge effects needs to be ruled out.
when the sample is not annealed after sputtering. It is knowdi is known that electrons that are confined to a small region
that sputtering roughens the surface on a nanometer Scalein vacuum will all mutually repel each other due to the Cou-
and this results in a higher probability of finding surfacelombic repulsion, that is, space charge. We show that the
defects for better coupling of the laser field to the surfacesPace charge effect is not affecting our results. Petite and
plasmons(see the following There is a roughly tenfold in- co-workers showed both theoretically and experimentally
crease in the number of hot spots per unit area, and th@at if roughly 10 000 electrons are gene_zrated in a region the
emission from the hot spots is slightly highebout a factor ~ diameter of the laser bea@00 xm) that is roughly 10um

of 2—5 when the sample is not annealed compared to wheWiCkv that they can reach kinetic energies on the order of
it is. 2—4 e\ We have measured roughly 1 pA of current drawn

Semilogarithmic plots of the spectra as a function Oftgii);gshv\;?;zsamﬁ_lehwhen usmé; {nolderattﬁ Iagelr |IntetnS|ty
laser intensity for two different spots are shown in Fig. 3( cn), which corresponds to less than 0.1 electron

Two types of intensity dependent behavior are observec}?e.m.g emitted per'le}s'er pulse, and, therefore, completely
- ; éliminates the possibility of space charge effects from affect-
Spectra similar to Fig. @), where the slope changes as the. X
: L : .~ ing our measurements. Furthermore, when employing the re-
laser intensity increases, are obtained about half the time . lifi . h Ise b
hile the other half of the time the slope is constant as th enerative amplfier, we can increase the power per pulse by
;N : L q h in Fitb)3The i p to four orders of magnitude if desired. Figure 5 clearly
\aser mtensny is increased, as shown in Fig) € |n.sej[ shows the onset of space charge effects on the photoemission
in Fig. 3(b) displays a log-log plot of the photoemission gy .trym. The lower curve corresponds to that obtained at
yield vs laser intensity at the two different electron kinetic 4 vimum intensity with the unamplified system, while the
energies indicated with the arrows. T_he fact that the slopeapper two curves demonstrate the measurable effects of
on the log-log plot are the same indicates the same pow&fpace charge at one and two orders of magnitude higher in-
dependence at high kinetic energy as at low kinetic energyensity. At these higher laser intensities, the spectrum be-
even though an additional photons’ worth of energy is abtomes distorted and develops a notable bump at higher ki-
sorbed. In the perturbative limit of multiphoton processesnetic energy. The fact that these distortions do not occur until
the slope of a log—log plot of signal vs laser intensity will a factor of 10 above the maximum intensity used in the stud-
yield the number of photons involved in the process. Clearlyies with the unamplified laser provides further evidence that
a perturbative description of the photoemission is incorrectwe do not need to consider space charge effects on the ob-
and this is exactly analogous to observations of ATI or Tl inserved photoemission spectrum when not using the amplified
the gas phas&? laser system.

100||.|.I.|||.||I|I.I.I.
-04 00 04 08 12 16 20 24 28 32 36

Electron KE (eV)
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The enhanced yield of photoelectrons at higher laser in- 10
tensity also needs to be considered. As seen from Fig. 5, for
amplified laser conditions which approach the intensities of _ o8
typical photodesorption experiments, the number of photo- £
emitted electrons is significant enough to produce spaceZ 06
charge effects. In this process, some electrons are accelerateg
toward the detector with higher energy, while an equal num- & 04
ber are simultaneously accelerated back toward the surfaces
and do not escape the surface redidfihese latter electrons
would be available for inducing desorption processes
through well known electron induced desorption mecha-
nisms, i.e., electron attachment leads to a large amount of
vibrational energy in the adbortd!*'>1"The present study
indicates such a process could be occurring under the intense
laser excitation conditions typically employed. An important
consideration is the relative contribution of photoemitted b)
electron-induced desorption relative to other proposed oo
mechanisms. This issue is an important one which needs to%
be resolved because photoemitted electrons offer an alternag 4°°
tive, and to a certain extent, simple explanation for the non- &
linear yields of hot desorption products observed in femto-
second laser studies of metal surfaces.
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Next, the possibility of thermionic emission is ruled out. 0 > I l l ! » ! .
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Fermi—Dirac distribution of a hot, thermalized electron dis- Time (fs)

tribution extends above the vacuum level. For intense optical
pulses of duration shorter than the electron—photon energ§/G. 6. (2) displays the photoemission yield as a function of delay time
relaxation time(a few psy a Iarge thermal nonequilibrium gtween two equal |nten5|ty puls(asp.lld circles using the amplified laser

. with a 190 fs pulsewidth. The amplified laser was employed because a 2—3
between the electrons and phonons can be achieved due fdh beam diameter could be used, and it was not necessary to search for hot
the much smaller heat capacity of the electrons. If the phospots. The solid line is the calculated third order autocorrelation function for
toelectron spectra measured here were to represent the higlﬁaUSSia” pulse with a 190 fs FWHNb) is the calculated electronic
energy tail of a hot Fermi—Dirac distribution, the photoelec- emperature rise of the sample when using the unamplified laser.
tron yield would be proportional te kT and the slope of
the semilogarithmic plots in Fig.(B) would yield the under-
lying electronic temperature. The slopes in Figb)3would
then indicate an electronic temperature of about 7000 Ktion (FWHM), and spot size were>@10° W/cn?, 100 fs, and
which is far too high, given our laser pulse energy of less100 um, respectively. The reflectivity and absorption coeffi-
than 100 nJ/chipulse and the heat capacity of copper. Acient were 0.5 and 7m ™2, respectively. The electronic
second method to rule out the possibility of thermionic emistemperature and lattice temperature were not coupled to each
sion is to perform a time resolved experiment using theother for this calculation because it is known that the times-
pump—probe technique. We find that the photoelectron yiel@ale for energy relaxation from electronic excitation into the
as a function of pump—probe delay is identical to the thirdlattice takes place on a time scale of 1-Fhwhich is much
order autocorrelation function of the laser pulse as shown ifonger than the timescale of interest for this calculation. The
Fig. &), i.e., the photoelectron yield is determined solely byresults of this calculation show that the maximum tempera-
the cube of the instantaneous laser intensity which is consisure will be roughly 700 K, which is far lower than a tem-
tent with the slope of three in the inset of FigbB If tran-  perature of 7000 K which would be required for a thermal
sient electronic heating was occurring, then the full width atdistribution of electrons to produce the measured photoemis-
half-maximum of this pump—probe experiment would besion spectrdsee the aforementionedore importantly, if a
larger than the FWHM of the third order autocorrelation be-thermal mechanism was responsible for the observed elec-
cause the elevated electronic temperature persists for sevetednic distribution, the temperature would remain elevated
hundred femtoseconds or longer, as measured by other worker well over a picosecond, which clearly does not agree with
ers using amplified femtosecond laser systéht8.Figure the pump—probe measurements.
6(b) presents the results of the calculated temperaturé®rise  Finally, the possible effect of the laser field itself on the
of the electron distribution for our experimental conditions. photoemitted electron energy spectrum needs to be consid-
For simplicity, the electronic heat capacity was held fixed atered. It is known that an electron that is in a very intense
3.3x10* JK/m®, rather than letting it be linearly dependent laser field will acquire kinetic energy as it is pushed out of
on temperature, thus, the calculated electronic temperatutbe region of high laser intensity to low intensity. This effect
rise will actually be overestimated. A thermal conductivity of is known as ponderomotive accelerafiamd arises from the
80 WK/m was used, and the peak laser intensity, pulse duragsaussian spatial distribution of the laser beam. The action of
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the spatial intensity gradient is not instantaneous because tlygeld by six orders of magnitude, the electric field would
electrons must travel a distance on the order of the laser spbtive to be enhanced by three orders of magnitude.
size to acquire kinetic energy due to acceleration from this Based on these comparisons with previous work, the sur-
gradient. For laser pulses shorter than one ps in duratiofiace roughness encountered at the hot spots can increase the
there is simply not enough time for the electron to gain aelectric field enough to cause either ATP or TI. In atomic
significant amount of kinetic energy before the laser pulséhysics, the reason for the loss of the ATI structure at higher
has ended.Therefore, this mechanism cannot account forlaser energies is tunneling. The electrons interact with the
the observed behavior of the photoelectrons. superposition of the Coulomb potential and the laser induced

As discussed in the Introduction, ATl or Tl in the gas €lectromagnetic field. The maximum of this potential de-
phase requires laser intensities on the order df ¥&/cn?, creases steadily as the laser field increases. At a critical laser
whereas the photoemission that we are measuring occurs Btensity, the electron can periodically tunnel into the
only 16 W/cn?. The fact that the photoemission occurs at a/acuum as a result of the oscz:illating laser electric field. Iri the
metal surface, and that it depends on hot spots or surfaciescription of Corkumet al,”" the electron escapes with
roughness, reconciles these two seemingly contradictory oy €7y litle excess velocity and then behaves as a free particle
servations. It is well known that a tremendous enhancemedf the laser field. The relevant quantifyis proportional to
of the electric field at the roughened surface of a metal caff'€ ratio of the laser frequeneyto the electromagnetic field
be achieved through excitation of surface plasnfdriBhe strengthE:
excitation of surface plasmons by photons is forbidden at a
smooth surface/vacuum interface, because it is not possible _ _ lp _® ) vzmlp ©

E e '’

to simultaneously conserve energy and wave vector for both 2Up

the photon and surface plasmohThe most common way to

overcome this obstacle is to deposit a thin metal film on avherelp is the ionization potential of the aton, is the
dielectric substrate, such as a quartz prism, and direct theonderomotive potentiain is the electron mass, ards the
||ght through the dielectric medium rather than throughG'ECtl’Oﬂ Charge. This ratio is known as the adiabaticity, or
vacuum. This allows direct coupling of photons and surface<eldysh parameter and is essentially the ratio of the laser
plasmons, and is known as the attenuated total reflectiofieduencyw to the tunneling frequency, .* The parametey
(ATR) method?® A second method to couple photons and is generally used to separate the multiphoton mechanism
surface plasmons is to rule a grating on the surface. In thi§>1) from the tunnelingy<1) regime. -

case, the photon wave vector and surface wave vector need USing 110 ps long laser pulses with intensities up to 120

not be equal; efficient coupling can be achieved wheneveW/cnt, Toth et al. used photoyield measurements to show

the difference between the photon and surface plasmon wayBat @ transition of pure multiphoton to optical tunneling may
also occur at a gold surfaé&However, that experiment was

vectors are integral multiples ofi2a, wherea is the grating

constant. In the present study a randomly roughened surfaéjéme in the long pulse reginie>80 ps where ponderomo-

is used, which can be described in terms of its Fourier comtive acceleration and space charge broadening can influence

ponents of a two-dimensional grating, and will thus be ablethe photoemission spectrum. In contrast to ATP, tunneling is

to couple photons and surface plasmons over a wide range ch'f.)t expected to lead to discrete steps character_|zec_:| by a
: . 26 . - width equal to one photon energy. The electron kinetic en-
difference in wave vectors:?® In addition to providing a Co -
ergy distribution will instead be smeared out due to a spread

ggijvp;mgiomtlag?:l?zlzm,arsit(irfaftijertiigivlgZr;is;nggan:i:ees (;?J?fail?r? the initigl time of tunpeling, relative.to bot_h the phage of

| 2526 She laser field and the instantaneous intensity of the field at
plasmons. ___the time of emissiofi.This view is supported by the recent

We deliberately ro.ug.hene.d the surface to determine S easurement of Mevadt al2° who found strikingly similar

effect on the photoemission yield. The sample was Spﬁ“gteregehavior to this work for multiphoton ionization of noble gas
with Ar™ ions at kinetic energies from 1 to 3 kV, ak10 atoms.
Torr background pressure for 20 min. Giratlal. have per- Optical tunneling from metals surfaces is more compli-
formed scanning tunneling microscope studies of 8100 c4teq than from single atoms. The Keldysh parametee-
surface after sputtering with 0.6 kV Arions, and found pends critically on the local electromagnetic field strength,
roughness features on a 5-20 nm scale that are on the ordghich in our case is significantly enhanced by the coupling
of 1 nm deep? The higher energy At ions used in the of the laser light into surface plasmons. Tunnel emission
present study will more effectively roughen the surface, leadstydies performed with static fields show that roughly 510
ing to features that are the optimum size to maximize thay/A (10 v/m) is required to allow electrons to tunnel into
localized surface plasmon field%2° Studies of surface en- the vacuum, which would require a laser intensity gf]:[)ls
hanced Raman spectroscopy, or SERS, found that the Ramgwcn?. The laser intensity used in the present studies is
yield could be increased by up to 6 orders of magnitude at a0’—10 W/cn? which provides 10-10° V/im.* Therefore, it
roughened silver surfad@.Moskovits discusses SERS and is the surface roughness that provides the additional two to
reasons for the enhancement, and concludes that the largestee orders of field enhancement with a concomitant four to
contribution to the enhancement is due to coupling of thesix orders of magnitude intensity enhancement, which is con-
photons with surface plasmon modeg random surface sistent with previous SERS studies utilizing roughened sur-
roughness, as described earlier. In order to increase the SER&es.
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