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Electron and ion emission in high-intensity laser irradiation of aluminum
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Electron and ion emission from a laser-irradiated aluminum surface have been studied using time-of-
flight spectrometry for laser intensities in the 10 —10 W cm range, at photon energies of 1.17, 2.34, or
3.51 eV and laser pulse durations varying from 29 to 150 ps. Both ion and electron emission were stud-
ied. Electron emission is found to dominate in the whole range of laser parameters explored, albeit by an
amount that depends on the laser wavelength and pulse duration. Only singly charged ions are detected
if one stays out of plasma conditions in front of the surface. We estimate an order of magnitude of the
multiphoton-absorption probabilities using an inverse bremsstrahlung model on three different kinds of
potentials (Yukawa, surface, and muSn-tin), and find that multiphoton absorption can almost certainly
be understood using lowest-order perturbation theory. Fast electrons are detected, as in many other ex-
periments of this kind, but we show that the spectrum broadening is symmetric, and probably due to
transport effects. The dependence of the photocurrent on the different laser parameters is well explained
using the Fowler-Dubridge theory of photoemission. Ion emission is found to have a "thermal" charac-
ter, which is essentially governed by the laser fluence rather than the intensity.

I. INTRODUCTION

Electron emission from laser-irradiated surfaces has
been studied almost since the laser came into existence.
In most cases the photon energy is less than the sample's
work function, so that the photoemission process has an
obvious multiphoton character which has been recog-
nized since the earlier studies. Thus multiphoton photo-
emission (MPE) shares many features usually encoun-
tered in nonlinear processes: For instance, the total pho-
tocurrent usually depends on the laser intensity following
an Nth power law, where N is the number of photons that
have to be absorbed to overcome the surface barrier.
Many of these aspects have been investigated by studying
the dependence of the total photocurrent on different
laser parameters for different types of samples (metals,
semiconductors, ' or insulators ); there are fewer stud-
ies concerning the energy of the emitted electrons. An
early paper, ' using nanosecond pulses, outlined the im-
portance of the pulse duration, which will be discussed in
more detail below. Otherwise, MPE has been recently
shown to be a powerful spectroscopic method for the
study of surface states, particularly for the case of unoc-
cupied states such as the "image-potential" states. ' In
such studies it is essential to keep the laser intensity as
low as possible to avoid any strong perturbation of the
state under study. In this case one finds, as expected
from a straightforward extension to the case of MPE of
Einstein's theory of the photoelectric effect, that the elec-
tron energy has a maximum energy of"

E, =NE —P,
where E, is the electron energy, E the photon energy,
and P the work function. This is because only the
lowest-order possible process contributes to the emission.

The shape of the electron spectrum rejects the density of
states in the initial and final states (as in the case of usual
photoemission), but also in the intermediate state. Inten-
sity in such experiments usually does not exceed 10
W cm . In contrast, very-high-intensity experiments (at
10' W cm and above, pulse duration in the
nanosecond range) have produced very-high-energy elec-
trons (some 10 eV and more}. In such experiments the
sample is usually vaporized, so that it is unclear whether
the electrons are accelerated in the laser-surface interac-
tion or in the interaction between the laser and an ex-
panding plasma in front of the surface.

Another outcome of the laser-surface interaction is the
emission of heavy particles, ions, or neutrals. This is at
the basis of the laser ablation process which has been ad-
dressed so far essentially under a practical point of view.
How this emission process results from the essential
laser-solid interaction, which at visible wavelengths is
mediated by the electrons, is a question that has so far
been only marginally considered under the fundamental
point of view.

As already mentioned, the question of the laser-pulse
duration is a major one in such experiments. Indeed, the
energy primarily absorbed by the electrons can be redis-
tributed through electron-electron and electron-ion col-
lisions because, unlike in multiphoton experiments in
gases, we are dealing here with an extremely condensed
medium. The corresponding energy relaxation times are
quite short: less than one laser period (=10 ' s) for the
electron-electron relaxation time (therefore, this relaxa-
tion process is a part of the excitation) and fractions of a
picosecond for the "electron-phonon" relaxation time. '

This is well in the range of what can be achieved nowa-
days in terms of short laser pulses. The result of an ex-
periment will therefore depend on the laser-pulse dura-

45 69 1992 The American Physical Society



70 MARTIN, TRAINHAM, AGOSTINI, AND PETITE 45

tion in two ways: First, because at a constant intensity
the total energy absorbed by the sample is higher when
the pulse duration is longer and, second, because in some
cases the pulse can be made short enough that the lattice
can be considered as "frozen" during the time of the in-
teraction. Early experiments' using pulse durations in
excess of 10 ns have shown that, in this case, the photo-
current can be due to a thermionic effect of the heating of
the sample by the laser pulse. Therefore, all subsequent
experiments used picosecond pulses (which allow one to
access the same laser intensity with an absorbed energy
reduced by a factor 1000). This is the case of the work
presented here. Even in this case it was shown that the
local and transient heating of the sample could play a
significant role in MPE, yielding what was called
"thermally assisted" MPE. ' Some very recent experi-
ments have used laser pulses in the 100-fs range' and
measured in different ways electron temperatures which
are quite high (several 100000 K), far beyond the solid
melting point without damage caused to the surface.
Laser intensities used in these experiments are usually
quite high (10"—10' Wcm ). Finally, one recent ex-
periment' has reported electron energies of 600 eV in a
MPE experiment using 8-ps laser pulses at intensities of
25 GWcm

In this work we present results concerning the electron
emission by an aluminum surface irradiated by 35-ps
pulses at a 532-nm wavelength (E =2.34 eV), and at
1064 and 355 nm (E = 1.17 and 3.51 eV), and at a some-
what longer pulse duration for comparison purposes. Ion
emission is observed using ion-mass time-of-flight spec-
troscopy. The paper is organized as follows: Section II is
a description of the experimental setup and procedures.
Section III is a report of the data obtained on ion-mass
spectra, intensity dependence of the total photocurrent,
and electron energy spectra. In Sec. IV we present a
model calculation of MPE using a multiphoton inverse
bremsstrahlung picture which we use to estimate the re-
sults of a Fowler-Dubridge calculation of the M PE
current. All these results are discussed in Sec. V.

II. EXPERIMENTAL SETUP AND PROCEDURES

tocorrelator. The irradiated area was determined using
the laws of diffraction and the characteristics of our spa-
tial filtering and focusing system. We estimate our uncer-
tainty concerning the laser intensity to about +30% (a
large but usual figure in such experiments), but within a
special set of experimental conditions, the precision of
the relative intensity measurements is much better (essen-
tially limited by our pulse-to-pulse fluctuations). The
laser is operated at a 20-Hz repetition rate. The overall
laser system is represented in Fig. 1.

B. Spectrometer

Both ion-mass and electron energy spectroscopy used a
time-of-flight spectrometer (Fig. 2), well adapted to ex-
periments where the ion-electron source is pulsed. For
ion-mass spectroscopy, the spectrometer was operated in
the "reflectron" mode' and was specially designed to
compensate for high initial kinetic energies (up to several
100 eV) at the expense of the resolution which, in such
experiments, does not have to exceed 1/500. For elec-
tron energy spectroscopy, the electrons are just allowed
to drift freely in a well-shielded field-free region. Howev-
er, at the input of the spectrometer, a three-grid system is
used to secure a proper collection of the electrons.
Indeed, as we show hereafter, it is necessary to take care
of the space-charge problem, because of the rather high
current obtained in this experiment. The three-grid sys-
tem is shown in the inset in Fig. 2. The first grid can be
set to a high positive voltage, setting a high dc field of a
few kVcm ' at the sample surface to cancel space
charge. The third grid is at the flight tube potential and
defines the tube's entrance. Another grid, set at an inter-
mediate potential, is inserted in between those two. It
prevents the high reverse field between the two outer
grids from leaking inside the flight tube, which causes, in
the region of the entrance grid, serious diffraction prob-
lems for the lower-energy electrons. Note that this spec-
trometer has an acceptance angle of 2' when the flight
tube is set to the same voltage as the sample. In fact,
electrons are usually accelerated by about 2 V before
entering the flight tube (the nearly zero-kinetic-energy

A. Laser

The laser used in this experiment is a commercial pi-
cosecond Nd: YAG system (Quantel). Its output consists
of pulses whose duration can be selected between 50 and
135 ps (by a choice of output couplers of different
thicknesses). The pulse energy is about 60 mJ, and in
most of the experiments we used the shorter pulse dura-
tion. The output can be frequency doubled and tripled
and is passed, after selection by dichroic mirrors, through
a half-wave plate and Gian prism system which is used to
adjust and stabilize the laser average energy (within
+5%). Pulse-to-pulse fluctuations are of the order of
+10%. The spatial profile of the laser beam is then re-
stored by severe spatial filtering, and the beam is mildly
focused onto the sample surface, at an incidence angle of
75', usually P polarized. The pulse duration was mea-
sured using a streak camera and also checked with an au-
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FIG. 1. Laser system layout: M, mirrors; G, Gian prisms; ~,
half-wave plate; L, lenses; P, pinhole; 8', window; S sample.
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FIG. 2. Electron-energy —ion-mass spectrometer: R, ion
reflector for operation in the reflectron mode {the inset shows
the detail of the input optics); S, sample; G, extraction grid; T,
entrance grid (at the flight tube potential).

FIG. 3. Dependence of the total photocurrent (measured on
the sample) on the extraction grid potential for different laser
intensities (increasing from bottom to top). 1500 V corresponds
to a 6eld at the sample surface of 1 kV/cm.

electrons would otherwise never reach the detector), and
this results in an increase of the acceptance angle. It is a
very simple matter to compute this change in the accep-
tance angle (and thus in the collection efficiency). It de-
pends only on the initial kinetic energy of the electron
and potential difference between the sample and Qight
tube. This is taken into account to correct the electron
energy spectra that we present below. The signal from
one of the electron multipliers is fed to a sampling oscil-
loscope (400-MHz bandwidth, 3SO-MHz sampling rate),
averaged over a number of shots, and transferred to a mi-
crocomputer in charge of converting the time-of-fiight
spectra into energy (or mass) spectra. The total photo-
current can be measured with the same oscilloscope
plugged directly into the sample polarization circuit.

C. Sample preparation and handling

In this experiment we used a single aluminum crystal
cut along its (100) face. The sample was initially
prepared by a succession of Ar-ion etching and heating
cycles. The surface purity was checked using ion-mass
spectrometry of the species desorbed under laser irradia-
tion in a way that will be presented in detail elsewhere.
Also, in the course of the experiment, cycles of laser etch-
ing and heating were eventually applied. This appears to
be a simple and efficient way of restoring the surface
cleanliness, instead of ion etching. The sample was rnain-
tained in ultrahigh vacuum at a background pressure less
than 10 ' Torr, and it could be both heated and electri-
cally polarized. We usually worked with the sample at
room temperature.

D. Preliminary checks

We first checked our time-of-Bight spectrometer by
reproducing an experiment whose phenomenology is well
documented. Abovt:-threshold-ionization spectra' of xe-
non gas at an intensity around 10' Wcm were mea-
sured. The electron spectrometer energy resolution was
found to be about 0.1 eV at 2 eV analysis energy, which is
quite sufficient for our experiments. The refiectron mass

spectrometer was checked by irradiating a stainless-steel
sample at high intensities (in order to produce ions with a
high initial kinetic energy) and checking that the ion-
mass spectrum was roughly reproducing the sample com-
position (there is some uncertainty concerning the
sputtering rates of the different components). Our ap-
paratus showed the ability of separating the different iso-
topes of any studied species throughout the whole useful
mass range (up to mass 200) for both positive and nega-
tive ions.

A crucial problem is that of space charge at the sample
surface. Out of the space-charge regime, the total photo-
current should not depend on the extraction field. This
dependence is shown in Fig. 3 for different laser intensi-
ties. It shows first a steep increase and then a plateau re-
gion. All data are reported hereafter have been taken in
this plateau region. This was found to be a necessary
condition to obtain a dependence of the total photo-
current versus the laser intensity stable with the extrac-
tion field. The same measurements were performed for
1.17 and 3.51 eV photon energies to determine in all cases
proper (space-charge-free) collection conditions of the
electron energy spectra. As in Ref. 15, the electron ener-

gy was found to depend on the extraction field and to sta-
bilize at fields much larger than necessary to stabilize the
photocurrent. This was considered as the final test for
space-charge saturation, and all spectra were therefore
recorded using extraction fields of 3 kVlcm or more.

III. EXPERIMENTAL RESULTS

A. Ion-electron yield

Figure 4 shows a positive-ion-mass spectrum taken at a
wavelength of 532 nm, a pulse duration of 35 ps, and an
intensity of 3X10 Wcm . It consists of one prominent
peak at the aluminum mass (27), a few impurity peaks
(essentially potassium), which at this intensity form less
than 1% of the total spectrum, and a small peak at mass
54, due to Alz+ clusters and traces of A13+. A striking
feature is that on no occasion were multiply charged Al
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FIG. 4. Typical ion-mass spectrum at an intensity of 0.3
GW cm . Such a spectrum is taken after approximately 1 h of
sample irradiation. Only K+ is visible as an impurity on this
spectrum. Traces of Na+ and Cs+ can be seen at higher intensi-
ties.
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ions observed, unless the intensity was high enough to
produce a surface plasma, easily detected through its
light emission: Its uv part would produce a signal at
t =0 on the electron multiplier, insensitive to any poten-
tial in the spectrometer. For the three wavelengths and
for two different pulse durations (35 and 95 ps at 532 nm),
we measured the number of sputtered aluminum ions as a
function of the laser intensity. This was compared to the
dependence of the total electron signal (measured as the
number of electrons leaving the sample) on the laser in-
tensity. Figures 5(a) and 5(b) show two different cases of
such measurements. In case (a) (Ep =2.34 eV, r~ =35 ps),
electron emission starts at intensities much lower than
ion emission, whereas in case (b) (E~ =2.34 eV, r =95
ps), they seem to occur in the same intensity range. It
should be kept in mind, however, that the spectrometer's
detection efficiency for the ions is of order of one, which
is not the case for the electrons (we cannot detect less
than 5 X 10 electrons in the total photocurrent measure-
ments). In order to compare the ion and electron yields
for different experimental conditions, we need to define a
quantity that will not be sensitive to our absolute-
intensity measurement. We define the "appearance inten-
sities" for the ion and electron measurements as the in-

tensities at which we measure one ion or 5X10 elec-
trons. This yields the different figures listed in Table I, as
a function of the laser wavelength and pulse duration.
Even if the absolute uncertainty on the laser intensity is

quite large (about 30%%uo), it is much less within one special
set of experimental conditions. Therefore, the ratios of
the intensities in one line of Table I are certainly mean-
ingful quantities (within 10%). Note that the electron
yield at 2.34 eV shows for both pulse durations a clearly
second-order behavior, as expected for a two-photon pro-
cess (P =4.3 eV), while the ion emission shows an
"intensity-threshold"-like behavior. One can scale the
appearance intensity for the electrons down to the one
electron level using the intensity dependence of the elec-
tron yield measured in Figs. 4(a) and 4(b). It shows that
electron emission starts in both cases at much lower in-
tensities than ion emission.

Concerning the orders of nonlinearity (also in Table I),
we note that if they agree quite well with the expectations
at 2.34 eV, they do not at 3.51 eV (where a second-order
process is also expected). At 1.17 eV a slope cannot be
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measured because the photocurrent is found to depend
very rapidly on the laser intensity, so that the intensity
range over which current measurement are possible is of
the order of the intensity error bar. In any case this cor-
responds to an experimental order of nonlinearity much
larger than the expected one (four). At 3.51 eV the
discrepancy is in the other direction.

In this experiment it is essential to check that the laser
interacts with the surface and not with a plasma expand-
ing in front of it. At higher intensities negative ions can
be observed and also an intense light emission. Both are
signs of rather dense plasma conditions and are totally
absent in the usual conditions of our experiment (as Fig.
4 or for the data presented hereafter). We also searched
for a Doppler shift of the light reflected on the sample
and could not hand any. This indicates that reflection
occurs on a motionless surface and not on an expanding
plasma, as sometimes has been observed in experiments
at higher intensities. ' All the above observations enable
one to de6ne for each set of experimental conditions an
intensity range in which electron energy spectra can be
collected, being sure that the surface is unaltered, which
is the case for all data presented hereafter.

8. Electron energy spectra

Several electron energy spectra (EES) were taken with
2.34 eV photon energy and a 35-ps pulse duration. The
laser intensity ranged from the lowest intensity compati-
ble with the overall experimental stability and the
"sputtering threshold. " Three of such spectra are shown
in Fig. 6. They correspond to an average over a few
thousand to a few hundred thousand laser shots, depend-
ing on the laser intensity. The first spectrum [Fig. 6(a)]
was taken at an intensity of 5 X 10 W cm and is essen-
tially compatible with a usual MPE interpretation. The
zero energy is directly deduced from the geometrical
characteristics of our spectrometer and potentials of the
different electrodes and is not corrected from any possible
contact potential. If any, it is clearly of small magnitude.
The total width of the spectrum is about 1 eV, while a
two-photon process at an energy of 2.34 eV yields only a
maximum energy of 0.4 eV. Whether this is already the
sign of some intensity-induced change in the electron en-
ergy or of a change in the work function (due, for in-
stance, to surface contamination) is an open question.
However, in view of the spectra of Figs. 6(b) and 6(c), the
Srst interpretation seems the most probable. The spec-
trum of Fig. 6(b) was taken at an intensity of 3.5X107
W cm, and shows a much larger extension toward high
energies (up to about 6.5 eV). This goes on with the spec-
trum of Fig. 6(c), which, for an intensity of 1.2X10
W cm shows electrons with energies up to 70 eV. The
structures that appear mainly on the spectrum of Fig.
6(b) are not reproducible and are presumably due to sta-
tistical fluctuations. When the intensity is further in-
creased, the maximum electron energy keeps increasing,
but we enter the "sputtering regime" where the experi-
ment becomes more questionable, though it does not
show clearly on the electron spectrum. Results of the
same type were obtained at photon energies of 1.17 and
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FIG. 6. Three-electron energy spectra taken at three different
laser intensities: (a) I=5 X 10 W cm, (b) I=3.5 X 10
W cm, and (c) I= 1.2 X 10 W cm . No correction is applied
to account for an eventual contact potential. Note the 10X
scale contraction in (c).

3.51 eV.
In order to clarify the origin of the fast electrons ob-

served in Fig. 6, we recorded a last electron energy spec-
trum under somewhat different conditions: At the ex-
pense of a loss of resolution, the flight tube was set at a
35-eV potential to secure a perfect collection of all the
electrons. The spectrum obtained in such conditions (for
an intensity of 8X10 % cm and a photon energy of
2.34 eV) is shown in Fig. 7. It shows that the spectrum is
in fact symmetric around the analysis energy. Its width
was found to increase with the extraction Aeld and laser
intensity as well (in a way similar to the maximum elec-
tron energy in the case of Fig. 6). Note that, when
brought back to the sample potential, the low-energy part
of the spectrum would correspond to electrons of nega-
tive energy. This proves that the cause for the slow elec-
trons in Fig. 7 (and consequently the cause for the fast
electrons) cannot be the emission process and has to be
sought in transport phenomena.
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(a Yukawa potential; Uo and a are, respectively, the am-

plitude and range of the potential) in the case of an im-

purity, and the initial state is taken as a plane wave with
the Fermi energy,
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FIG. 7. Electron energy spectrum obtained with the analysis
energy set at 35 eV, showing a symmetric broadening of the

spectrum. E,„=3X10 V/crn, E =2.34 eV, and I, =8X10
Wcm

IV. THEORETICAL ESTIMATE
OF THE MPE CROSS SECTIONS

Despite the importance of photoemission as a spectro-
scopic tool, there are very few exact calculations of pho-
toemission cross sections, even in the linear case [inter-
pretation of ultraviolet photoemission spectroscopy
(UPS) or x-ray photoemission spectroscopy (XPS) spectra
usually relies simply on the identification of spectral
features with structures in the density of states, little at-
tention being paid to the exact amplitude of the photo-
emission cross section]. Extension of one-photon photo-
emission calculations to the multiphoton case is well
beyond the scope of this paper, even though this problem
is worth tackling. We are here mostly interested in the
respective orders of magnitude of the MPE cross sections
of different orders. In this respect we can take advantage
of the fact that the laser essentially interacts with elec-
trons with an energy close to the Fermi energy (within
one-photon energy), which in the case of aluminum are
very close to free electrons. We thus consider the prob-
lem of scattering a free electron on a localized potential
in the presence of the laser field. The potential can be an
impurity, a step potential, or a muffin-tin approximation
of the ion potential. The electron states are represented
by plane waves. The differential cross section of multi-
photon inverse bremsstrahlung for electrons scattered in
the direction of the laser polarization is computed using
the Kroll-Watson formula' (which requires the use of
the first Born approximation). They were averaged over
the initial distribution of electron momentum, assumed to
be isotropic. The potentials used in the three cases were
of the type

e
—r/a

U(r)= —U
r

for the step potential; the initial state is a plane wave with
the energy corresponding to the absorption of two pho-
tons by a Fermi electron. The potential is taken numeri-
cally from the tables of Moruzzi, Janak, and Williams
in the case of the muffin-tin potential, and the initial state
is the same as in the case of the Yukawa potential. The
resulting probabilities for different orders are given in
Table II (for a =5 A), at a field amplitude of 10 V/m (in-
tensity of 6.6X10 Wcm ). It shows that, in the three
cases, the cross section is small and that it decreases very
fast with the order of the process. This is nothing but
what was expected, because the intensity is obviously not
high enough to jeopardize the convergence of the pertur-
bation series. There are many approximations in this cal-
culation. The range of the potential in the first two cases
is somewhat arbitrary. The probability increases with the
range (BV/Br is smaller, but the electron feels the poten-
tial longer) particularly at small orders, and in this
respect 5 A is already a large value. Second, the step po-
tential we have used is a loose approximation for the sur-
face potential. Finally, the first Born approximation is
valid at electron energies large compared to the depth of
the potential, which is not really the case here. We
checked, by changing the initial energy, the inhuence of
this approximation, and the result is that the cross sec-
tion does change, but by no more than three orders of
magnitude in the case of a ten-photon absorption. Con-
cerning the scaling of the cross section with the laser in-
tensity, though this calculation is nonperturbative, it
strictly fits a perturbative dependence (I for a kth-order
process). A key result of the calculation (which is, in
fact, built in the Kroll-Watson formalism) is that though
the absolute cross sections depend on the specific poten-
tial, the ratios of the cross sections of diferent orders for
the same potential do not. Table II thus shows that even
if photoemission, for energy-conservation reasons, is of
the second order, the laser-electron coupling is essentially
dominated (by about four orders of magnitude) by the
linear, single-photon interaction.

The cross sections of Table II do not represent the
whole photoemission process. One has to account for the
escape probability of the electron (once it has been excit-
ed above the vacuum level) and of the changes presum-

TABLE II. Cross sections (in atomic units) for inelastic scattering along the laser polarization with
absorption of N laser photons on (1) a Yukawa potential and (2) a step potential.

Potential

(1)
(2)
(3)

Range
(A)

5

5

2.8

0.45 X 10
0.72X 10-'
0.40X 10

N=2

0.85X10
0.85 X10-"
0.49 X 10-'

N=5

0 94X 10
0.13X10
0.75 X10-"

N= lo

0.34 X10-"
0.30 X 10
0.30X 10
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ably caused by the laser-induced heating of the sample to
the initial distribution of states. This is properly done in
the Fowler-Dubridge theory of photoemission. '" The
physics underlying this theory is rather simple: The ab-
sorbed fraction of the laser energy induces an increase of
the sample temperature. The Fermi distribution thus ex-
tends toward high energies, so that emission through ab-
sorption of less photons may become possible. The pho-
tocurrent is then a sum of photocurrents of different or-
ders:

J=g J„,
n=0

(4)

where n represents the number of photons absorbed, and
with

Ep —PJ„(I,T) =C„(e/Ez )"AI "(1 R)"T—F (5)

In Eq. (5), I is the laser intensity at the surface, R the sur-
face reflection coefficient [so that (1 R)I re—presents the
intensity inside the sample], A the theoretical Richardson
coefficient (120 A/cm K ), and F is the Fowler function:

( 1)m+lemx/~2 x (0
m=1

F(x)= '

H/6+x /2+ g ( —1) +'e "/m, x)0.
m=1

(6)

V. DISCUSSION

A first question which has to be settled is that of the
fast electrons observed in this experiment (Fig. 6) and in
several others in similar conditions. The production of
"hot" electrons in laser-matter interaction is not a new
observation per se, even in quite elementary processes

In the temperature range of interest here, the expansion
is essentially dominated by the first term. For electron
energies above the vacuum limit, F is essentially constant,
whereas it has an exponential behavior with the tempera-
ture for electrons below the vacuum limit. C„ is a
coefficient which contains both the multiphoton absorp-
tion cross section and the escape probability of the elec-
tron. The scattering cross sections computed in Table II
are, in fact, very close to the quantity C„I"(1—R )". Usu-
ally, the C„'s are used as experimental parameters and
adjusted to fit the data. In the following discussion, we
will use the opposite point of view: We will admit that
since the electrons we detect are released in similar condi-
tions of energy, in the same region of the sample, their es-
cape probabilities are of the same order of magnitude
and, therefore, that the amplitude of the C„'s is essential-
ly determined by that of the absorption cross section. If
one is interested in the ratios of processes of different or-
ders, this is certainly a reasonable assumption, which al-
lows to use cross sections such as those of Table II for
quantitative estimates.

such as multiphoton ionization in a dilute gas phase. It is
known that the process of above-threshold ionization
(ATI), because of multiphoton transitions in the ioniza-
tion continuum of an atom, can produce rather high-
kinetic-energy electrons. " However, such processes are
observed at intensities four to five orders of magnitude
higher than the ones used in this experiment [multipho-
non ionization (MPI) of xenon by 1.17-eV photons yields
electrons with energies up to 15 eV at a laser intensity of
about 10' W cm ], so that such an explanation does not
seem probable. The calculations of Sec. IV confirm this
conclusion, as does the fact that no multiply charged ions
are detected. Local thermal equilibrium involving 70-eV
electrons would result in ions with ionization stages up to
4. Such an equilibrium is likely to be reached since our
pulse duration is still a few orders of magnitude higher
than the longer energy-relaxation-time constants of the
problem (electron-phonon relaxation time =10 ' s).
Another suggested origin for these high-energy electrons
was surface plasmon relaxation, ' quite unlikely in our
case: We are very far from a resonant coupling because
of the low energy of our photons compared to the Al
plasmon energy and because of the impossibility of cou-
pling surface plasmons to the laser field in the case of a
polished surface. A number of recent works on the phys-
ics of the transport of electron bunches in high static
electric fields, ' confirmed by a careful modeling of our
experimental conditions, which will be presented else-
where, lead to the conclusion that the energy is gained by
the electrons during their transport to the detector and
not in the interaction. This is consistent with the obser-
vation of Fig. 7 of a symmetric broadening of the electron
spectrum. As a consequence, we conclude that, as shown
by the dependence of the photocurrent on the laser inten-
sity, the photoemission process is dominated by the
lowest possible order, namely, the second order in the
case of 2.34 eV electron energy.

The high order of nonlinearity measured at 1064 nm is
further evidence of this. The paradox contained in this
statement is easily solved in the framework of the
Fowler-Dubridge theory of photoemission. We assume
for simplicity that the sample temperature grows linearly
with the laser intensity (no noticeable heat flow in the
sample during the pulse duration). This allows one to es-
timate the temperature increase of the sample, simply ob-
tained from the specific heat of aluminum, and the mag-
nitude of the absorbed energy, yielding 500 K at a laser
intensity of 10 W cm . The difference in the results ob-
tained at 1.17 and 2.34 eV is then easily understood: The
third-order, thermally assisted, photocurrent dominates
in the 1.17-eV case, whereas the usual second-order pro-
cess does at 2.34 eV. This is the result of two different
effects: First, these results are obtained at different laser
intensities, respectively around 0.25 and 0.075 GW cm
so that the sample temperature is higher in the 1.17-eV
case. Second, the absorption cross section has to make
up for a 35 (respectively 10) orders of magnitude
difference between the temperature-dependent coefficients
in the 2.34-eV case, and only 15 (respectively 5) orders of
magnitudes in the 1.17-eV case at a temperature of 300 K
(respectively 1000 K). In comparison, the ratio of the ab-
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sorption cross sections involved, computed from the con-
ditions of Table II, is

should depend more strongly on the laser intensity than
the simple neutral emission.

o4/o3=6. 5X10 at 1.17 eV,
O.z/o-, =1.2X10 at 2.34 eV,
o.2/o. , =2.5X10 at 3.51 eV,

and we recall that these ratios are not potential depen-
dent. Consequently, not only does the temperature favor
the third-order process compared to the fourth-order
one, in the case of 1.17 eV, when compared to the other
cases, but also the ratio of the absorption cross sections.
This may partly explain the result at a 3.51 eV photon en-

ergy, to which only the first efFect applies [only 16 (re-
spectively 6) orders of magnitudes separates the
temperature-dependent coefficients for the one- and two-
photon processes in this case]. The intensity is at 3.51 eV
of the same order as in the 2.34-eV case, and one could
admit that this is the dominant factor, but one would in
this case expect a similar dependence in both cases. The
lower experimental order of nonlinearity at 3.51 eV can-
not be explained in the framework of the Fowler-
Dubridge theory except through an unusual intensity
dependence of the absorption cross section. This point
clearly deserves further studies.

Ion (and neutral) emission is generally believed in the
case of metals to be essentially a thermal process. The
energy absorbed by the electrons is transferred to the lat-
tice via electron-phonon relaxation. This energy is essen-
tially dumped into the metal over a time scale of the or-
der of the pulse duration, whereas heat diffusion operates
on longer time scales. Therefore, thermalization of this
energy produces an instantaneous increase of the lattice
temperature which can reach the metal melting point.
The data presented above brings a few indications: We
have already noted that the sample instantaneous temper-
ature is probably higher at 1.17 eV than at the other pho-
ton energies, which is confirmed by the appearance inten-
sities measurements of Table I. Concerning the intensity
dependence of the ion current, one expects it to be dom-
inated by the linear absorption of light (as shown in Table
II), as generally observed in laser ablation experiments
(where the ablated mass increases linearly with the laser
fiuence). This is also indicated by the fact that the ap-
pearance intensity shows little dependence with the pho-
ton energy (the remaining dependence may simply come
from the shortening of the pulse duration that results
from frequency doubling or tripling). The dependence of
the appearance intensity on the pulse duration at 2.34 eV
is a little larger than expected, but still within our experi-
mental error bar on the absolute intensity measurements.
All this leads to the conclusion that the laser fluence is
indeed the essential parameter as far as "heavy"-particle
emission is concerned. However, the number of detected
ions certainly does not depend linearly on the laser inten-
sity. The "threshold behavior" that can be observed in
Fig. 5 may be explained by the fact that ion formation is
a process more complicated than the simple sputtering of
a neutral atom: It will, for instance, require a collision
between a neutral and an excited electron and, thus,

VI. CONCLUSION

Electron and ion emission by an aluminum surface sub-
mitted to moderate laser irradiation in the picosecond
time regime have been studied. Electron emission strong-
ly dominates at low intensity. The intensity dependence
of the total photocurrent can be accounted for by a two-
photon process at 2.34 eV photon energy and by a
thermally assisted four-photon process at 1.17 eV. This is
consistent with the fact that comparison of the electron
and ion current indicates a higher instantaneous sample
temperature in the latter case. At 3.51 eV the order of
nonlinearity measured is lower than the expected value, a
point for which there is not definite explanation. Al ions
measured are singly charged ions, unless one gets into the
surface plasma regime. These results agree on the whole
with a rnultiphoton interpretation for electron emission
and a thermally initiated process concerning ion emis-
sion.

Electron energy spectra reveal surprisingly high ener-
gies given the moderate intensities at which this is ob-
served. The idea sometimes found in the literature that
above-threshold photoemission would occur in a very
different manner in solids does not resist a calculation of
the cross sections which, despite a few approximations,
certainly gives the right order of magnitude for the ab-
sorption of many photons by the aluminum quasifree
electrons. Moreover, the order of nonlinearity of the to-
tal photocurrent suggests that emission is due to a two-
photon process. Finally, comparison of the electron ener-
gies with the ionization energies of the ions detected
would suggest a strong deviation from local thermal equi-
librium, which is rather unlikely. We have shown that
the observation of fast electrons is correlated with that of
slow electrons; in other words, that the broadening of the
electron energy spectrum is in fact symmetric. This effect
that can be explained by modeling the transport of emit-
ted electrons in the spectrometer. A serious question is
then to decide whether any electron energy measure-
ments are possible at such laser intensities. A solution to
this problem is to reduce the number of electrons emitted
at a given laser intensity. This can, for instance, be
achieved by using subpicosecond pulses. This solution
also offers an opportunity to minimize thermal effects
which are still detectable in some of the experiments we
have presented.
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