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Abstract. The photoinduced electron emission from the surface of a solid gold target irradi-
ated by single picosecond pulses of an erbium laser is investigated. The applied laser intensity
{5120 GW fom?) corresponds to the intermediate interaction region between the pure multipho-
ton and tunnel effects, where the decisive Keldysh-parameter, v, is in the range 1 <y < 12 = np.
In the light intensity region which is free of surface heating (I < 80 GW /om?), the slope of the
measured logarithmic intensity dependence of the photocurrent decreases from the ng = 12 per-
turbative value down to n = 5. Therefore the experiment shows that the Keldysh-type theoties,
which have recently been proved to describe correctly the jonization of atoms, arc also valid to

a cerfain extent I the case of the photoeffect in metals.

PACS: 32.80K, 79.20D, 79.60

The laser induced photoeffect in metals — as a sim-
ple model interaction — is a useful experimental tool
[1-6] for investigations of the photon-electron interac-
tion at high light intensities. Similarly to the case of
maultiphoton ionization of atoms (gascs) by intcnse laser
fields, the photoelectron emission from metals manifests
itsell in two different forms distinguished by the so-called
Keldysh {or perturbation) parameter, y [7,8]; the latter
is defined by v = w(2mW)/? ek, where W denotes the

— depth of the potential well (“work function™). m and ¢ are

respectively the mass and charge of the electrons, while
o and E are the frequency and the electric ficld strength
of the laser light. One limiting case, y 3 1, for low light
infensities and high frequencies ropresents the pure mul-
tiphoton mechanism, for which the interaction may be
considered perturbatively. Here the order of nonlinearity
is ng = [W/ ko 4 1), which s equal to the minimum
number of interacting photons required to produce ong
free clectron. The other Hmit is the optical tunneling,
where the electrons escape from the potential well by
guantum mechanical tunneling through the barrier bro-
kea down periodically by the oscillating electromagnetic
field. This case ocours for high laser intensities and low
frequencies, when y <€ 1.
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Detatled experimental studies have been published for
the pure multiphoton case using visibie {ruby) and near
infrared {Ndj nanosecond and picosecond lasers, respec-
tively [2,91. The upper intensity imit of the perturbative
region at A = lum [6], as well as for the tunneling case
were determined, using faryinfrared nanosecond lasers
(COy, A = 10um} [10].

As for the intermediafe region between the two men-
tioned cases, we have previously reported on a first exper-
mment at A = 28 pm {11], when the Keldysh-parameter
v was on the order of 6. We used the pulse train of
an actively mode-locked Er’t : YSGG laser. In these ex-
periments the heating of the metal swrface by the laser
radiation — caused by the accumulation of successive
faser pulses of the train - significantly influenced the
electron emission processes leading to thermally assisted
photoelectron emission, For the y = | transition region
in the analogous case of ionization of atoms, results of
two experimental works were published recently [12, 131
These authors observed tunneling character even in the
perturbative side (y > 1) of the transition region. Similar
quantitative measurements and comparison with theories
are missing for the photoeffect at metal surfaces, with the
exception of the level of [10, 11].

The aum of the present paper is {o report on new
experimental results for laser-induced electron emission
of metal surfaces. We have continued ouwr work in the
intermediate intensity range between the perturbative and
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nonperturbative limiting regions of the interaction: an
Au surface was investigated as a cathode using single,
selected pulses of an actively mode-ocked Er*':YAG
laser at A = 2.94 um wavelength. In the first part of the
present paper we also discuss our experimental results on
the reflectivity of gold at A = 3um and its temperature
dependence for grazing angles of incidence. This point
plays an important role in our photoemission experiments
because of possible heating effects during the electron
erpission.

Our measuremenis of the intensity dependence of the
photocurrent are described in the second section of the
paper. We underline here the main differences between
the previous {11} and the present investigations, which
are the following: {i) here we use single pulses instead of
a laser pulse train, to avoid accumulative heating; (i)
the application of a grazing angle of incidence, & ~ 89°
(instead of @ ~ 75%), which leads to an approximately
15 times larger beam spot on the surface, and a further
decrease of the possible heating effects; (i) the laser
intensities used are about 1-5 times higher here, in order
to get closer to the p = 1 value.

1. Measurement of Reflectivity of Gold at 4=3 um

As the muitiphoton electron emission in our case can
be considerably affected by the temperature rise of the
irradiated surface [11] the latter fact has to be calculated
rather accurately. This implies that we should kaow at
least the light absorption coefficient 4 = 1 — R and
its dependence on temperature. Knowing this valae and
the temporal shape of the laser pulse we may evaluate
the temperature of the surface as a function of time by
sobving a heat diffusion equation,

The tabulated data for the optical absorption for An
at room temperature near 3pm (normal incidence) scat-

dependence A4 = A({T} are absent by now. For longer
wavelengths {10.6 um) the Drude-Zener theory of metals
predicts, for temperatures higher than the Debye temper-
ature, a linear increase of A with T, which is experimen-
tally verified [i4]. For shorter wavelengths this theory
is not valid and the effect of the band structure and
the anomalous skin effect should be taken into account,
which can sometimes oven lead to & decrease of A with
T |15].

We have measured the room temperature refiectivity
R and also the real and the imaginary parts of the index
of refraction (8%/? = n—ix) for thick, polished Au fargets,
using pulses of an crbivm laser at 294 um. A laser beam
with s« or p-polarization was directed at grazing incidence
{angle & = 70-89"} onto the metal surface. The light
intensity was chosen to be weak enough to avoid the
heating of the metal The reference and reflected signals
were measured by linear thin filin pyroelectric detectors.

Figure 1 shows the dependences of reflectivities of An
for s- and p-polarization versus angle of incidence €.
The solid curves are theoretical ones with n = 1.37 and
x == 20, which provide the best fit to the experimental
data. The procedure also takes into account the foliow~
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Fig. 1. Dependences of the reflectivity of gold for s- (A} and p-
polarization {e} a1 4 8 3 um versus the angle of incidence, 8. Solid
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Fig. 2. Relative change of the absorbtivity, ATV A(T), of gold at

4@ 3pm versns the surface temperature, + | Jaser train energy of
[4mi; & 18.5m]

ing relationships (see textbooks such as [16]): {) for
p-polarization A(@} reaches its maximum at the Brew-
ster angle, ®@p = n/2 — 1/x; (ii} the absorptivity at O3
is equal to: 4{@y) = 2n/k. From the experimental re-
sults we may also calculate the values of the Brewster
angle, @y = 87°, and the absorption at normal incidence
A(E = 0°) = dn/x? = 1.37% {Au, A = 3 um).

We alse measured the reflectivity of Au for grazing
angles of incidence as a function of laser infensily in
the range of 0-20 GW/em?. The gold surface was irradi-
ated by a train of 100ps pulses with the total duration™
(FWEHM) of the envelope of 100-150ns and for a fixed
angle of incidence of @ = §5°,

The measured time evolution of the reflectivity
throughout the train cnables us to caleulate the change
of peak temperature of the surface from pulse to pulse
using the general heat diffusion equation [17], and fnally
to compute the dependence of the reflectivity {or absorp-
fivity} on femperature. We assume here that equilibrism
exists between electron and lattice ternperatures because
of the small electron-lattice energy exchange time of

pulses.

Figure2 presents the measured relative absorption
change (averaged over time and spot size} A{T)/A(Ty}
versus the surface temperature 7 in the center of the laser
spot and at the moment of the maximum laser intensity.
Here Ty is room temperature. Within the experimental
accuracy, 4 does not depend on T up to the melting
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point Tuen == 1336 K; for larger values of T a linear
dependence is found.

Theoretically there shouid be a step-like change of
absorption at the melting point. In our case the distri-
bution of laser intensity in time and space is Gaussian
and the linear increase of the absorption after reaching
the melting point in the center may be explained by the
growth of the molten area with rising intensity.

In summary we can state that for picosecond pulses
the reflectivity of Au in the 3 um wavelength region does
not depend on laser intensity unless the surface is heated
up to the melting point. In the range of grazing incidence,
Gy < @ < 90°, we can essentially reduce the role of
surface heating due to a decrease of absorption and an
increase of the dimensions of the irradiated spot.

2. Laser-Induced Electron Emission from Gold

We now turn to a discussion of our photoeffect exper-
iments. The experimental setup was similar to those of
w3, 6, 11], now using single, cavity dumped pulses of an
actively mode-docked Er¥" :YAG laser {cavity dumped
version of the laser system deseribed in [207). The single
pulse generated at A = 2.94um wavelength has a du-
ration (FWHM} of 110 & 10 ps, dose to the bandwidth
limitation, and an encrgy of 0.5mJ. The diameter of the
beam is ~ I mm.

A beam-splitter divides the laser ight info two parts:
one for monitoring by a fast germanium photodiode,
while the sccond part enters the target chamber (kept
at = 107°Pa) through a silica window. In the vacuum
chamber a well prepared, polished gold cathode of 1mm
thickness is irradiated by the single laser pulse at grazing
incidence, @ ~ 89°, The photoclecirons are collected by
another gold plate with the same dimensions placed Lom
away from the cathode and kept at a high cxtraation

limitations of the current [21}. The bedm is .focused onto
the surface of the gold plate by a Ca¥F; lens with foeal
fength of 53 mm. The fascr intensity Iy is varied between 5
Lnd 120GW/em? at the sample surface by suitable filters.
We apply p-polarized incident Heht —ie., the electric field
vector B of the light is almost perpendzcuiax {& == 89%)
to the gold surface - to ensurce the conditions for surface-
{ype photoeifect. With these data the Keldysh-parameter,
%, defined in [7, 8] 1o distinguish between the pure multi-
photon (v > 1} and the pure tunneling approach {y € 1)
varies from 12 to 2.5, where y = w(2mW)"V?/eE; here
we take into account the approximate doubling of the
clectric field amplitude of the light near the surface due
to the almost perfect reflection from the metal surface.

The monifor signal is detected by a linear photodetec-
tor and a digital oscilloscope, while the induced phofocur-
rent, j, is measured directly by a 50Q input resistance of
a Tekironix-7104 oscilloscope.

Two typical dependences of the photoelectric current
on the applied laser intensity are shown in Fig. 2.

Fgure 3a corresponds t0 an intensity around I; =
SGW /om?, v = 12, where a pure pcr‘turl}ative m'ﬁltiph(}-
ton photoeffect is observed with n= 1152 1 & 5 = 12
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Fig. 4. The logarithmic slope values of the Hght intensity depen-
dences of the photocurrent at various intensity regions. The circles
are experimental points, the continuous line is a smooth it to show
the main tendencics, The shaded ares represents the intensity re-
gion of the thermally assisted procgsses, which is also proved by
the dashed curve in the bottom-right part of the figure: # shows
the incroase of the surface temperafure in the laser spot region

(Weaa E47eV and Aoprvag == 0418eV, ng = [W /B +
1hine == 12). Figure 3b on the other hand shows the situa-
tion around I; = 63 GW /om?, v = 3.3; here the observed
slope, n = 6 3 1, is clearly different from the perturbative
one, n = g == 12, We have also determined the slope
values 1 = §log j/dlogl at other laser inteusities; the
results are plotied in Fig 4 {ull experimental points, left-
hand ordinate scale; details of the figure will be discussed
below. It can be clearly seen, that up to ~ 10 GW /cm? the
slope n is practically constant, while above this intensity
it starts 10 decrease. After reaching 2 minimum {n 2 5) at
~ TOGW fem?, the slope starts to increase again, reaching
n == 23 at 1I0GW/cm®. As we shall sce below, the mea-
sured changes of the slope values can be interpreted by
optical tunneling {decrease of n below | = 10GW /cm?)
and at higher laser intensity by the heating of the metal
surface {increase of n above 80 GW /em?). As for the ex-
perimental comparison of the various polarization cases
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of the incident light beam, using s-polarized light no pho-
tocurrent was observed (< 10° electrons) up to a laser in-
tensity of Iy = 150GW /cm?,

3. Discussion

Taking intc account that in our previous investigations
the main disturbing processes were the thermal effects, let
us look first at heating effects. Using the same calculation
method as in [111 and the resulis discussed above for
the absorption coefficient 4(€), we may estimate the
temperature rise of the surface in the middle of the laser
spot at the moment of the maximum laser intensity. The
maximum change of the surface temperature is evaluated
io be prop(}rtiona} to the app}zed laser intensity, AT =
34 x 1077 - 1 (I in W/em?, AT in K). We note here thdz
a possible temperature difference between the electrons
and the lattice is neglected in our calculation; following
the theory of [19] and with our data and those of [i8}],
the difference is definitely less than 108X and may be
omiited. The estimated temperature rise of the surface
is plotted in Fig. 4 as a function of the laser intensity
(broken curve, right-hand ordinate seale).

Examining FFig. 4, a comncidence can be found between
the region with positive slope of the a(f} curve and the
range where AT > 300X {shaded area in the figure). This
clearly shows the effect of the surface heating on the emis-
sion: below AT ~ 300K, the modification of the original
Fermi distribution of the metallic electrons is of minor
importance, while above AT ~ 300K the emission piro-
cess is notably modified by the changed electron energy
distribution of the metal, leading to thermally assisted
emisston processes [5]. 1t is suggested that the shaded re-
gion of Fig. 4 represents thermally assisted processes. Asa
consequence, the comparison of cur experimental results
with the pure multiphoton or tunneling theories is re-
stricted to the left part of Fig 4, where I < 80 GW /em?.
For the further discussions this “athermal” region of
Fig.4 is plotted again in Hig. 5,

Since the applied laser intensity range corresponds to
an intermediate region {1 < y <« 12) between the pure
photoctioct {y > 1) and pure tunneling {y < 1) situation,
we have to use the complete theoretical formula for the
comparison with our data. Based on Refs. [7,8], we may
write for the eleciric current {omilling preexponential
factors):

Jocexp {m %{f [(I + &) aresinh y — Ly J } {1

B 2y 2y
The logarithmic derivative then reads
. 2dog))
dlog

w11 i ’
o i /T 9 e aresinh vl 3
W [“}‘ Py 7 arcsinh yJ {2)

This depeadence is shown in Fig. 5 as solid line (a}). Ob-
vicusty this curve does not fit the experimental points,
However, introducing an effective value v (see [22]} in
place of y, the experlmental points can be fitted com-
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Fig. 5, The same as Fig. 4, but without the thermally influenced laser
intensity region above $38CGW/om?, The circles are experhmenial
points Ehc ﬁiied 1heor€ticai curves correspond to varions v vahes:

pletely with 9" == y/3 [see curves {b) and (c) of Iig. 5 with
v =y /3 and ¥ = y/9, respectively].

The reasens for the concept of a new, “dynamic” value
of the work fanction W’ < W in a metal and correspond-
ingly a new v <y parameter are also discussed in [10, 22—
2431, One possible mechasnism of the laser-induced change
of the work function is a certain infernal excitation of
the metallic electrons, e.g. by Inverse Bremsstrahlung ef-
fects [22]. Another cause for the disagreement between
the theoretical and experimental data in Fig 5 is the ap-
proximate nature of the formulae vsed in the transition
reglon. General theories describing the nonlinear photo-
effect [7.8] give a very good gquabitative picture of the
phenomena. In the » < 1 and y » 1 Limiting cases the
general formula become the usual special formulae for
the tunnel effect and multiphoton emission, respectively.
In the iransition region, where v = 1, thedr accuracy is
restricted, however, due to the simplified character of the
models and fo the approximations used; the caloulated
values of slope may not therefore be considered as exact,
For exarmple, according to [7, 8] a sufficient condition for
the pure multiphoton case 18 ¥ 3 1, while according to.
[25] a more stringent condition is needed: 7 3> ng. There-
fore in the investigated region of y 2.5 <y < 12 = ng),
the obhservation of the overwhelming tunnch-type charac-
fer around, ¥ & 4 - rcmcmbcring also the analogous case
of atoms 112, 13} - is not a surprising fact.

In conclusion, we have observed laser-induced pho-
toemission showing the features of the optical tunneling
of electrons from gold surface, using single, mid-infrared
(A ~ 2.94pm} high intensity {5-120 GW/om?) pulses of
1i0ps. The light intensity dependence of the emitted
electron current in the 1 < v < 12 range clearly dif.
fers from the previousty demonsirated pure multiphoton
and thermally assisted situations. The slope of the cur-
rent dependences show typicat optical tunneling features,
and can be explained on the basis of the general Keldysh-
theory of the photoemission, Further experimental efforts
are necessary io study the v < 1 case for metals, where
interesting new properties of the emitied electrons {an-
gular and energy distributions, coherence propertics} can
be expected.
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