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Theory of ultrashort nonlinear multiphoton photoelectric emission from metals
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A phenomenological theory of the nonlinear multiphoton electron emission at the surface of a metal is
proposed. We consider principally the situation of photocathodes illuminated by UV, visible, or near-
infrared, picosecond, or femtosecond laser pulses. For ultrashort pulse duration, the temporal profiles of
the electron gas and the lattice temperatures have to be considered separately, because of the local non-
equilibrium between the electrons and the phonon gas. Both reAectivity and work function depend on
the electron state density in the conduction band. To take into account the observed nonlinear enhance-
ment of the photocurrent density consecutive to this nonequilibrium, we propose to replace the classical
multiharmonic integer order 1V appearing in the generalized Fowler-Dubridge expression of the pho-
toelectric current by a noninteger order k which depends on the absorbed laser intensity and can be re-
lated to N by a simple expression. This method makes the treatment of experimental data easier, i.e., the
determination of the amplitude of the nonlinearity versus the incident and absorbed laser intensities, the
state of polarization, and the angle of incidence of the laser beam. The method also gives a way to com-
pare and analyze experimental data in the range of very high laser intensities until the laser damage
threshold of metals, i.e., 100—300 GW/cm . It also makes possible an estimation of the N-photon photo-
emission cross sections. The application of this model to our experimental data from Au and W, report-
ed earlier, is given as a justification of our model assumptions.

I. INTRODUCTION

We propose to broaden the field of application of the
phenomenological and generahzed multiharmonic photo-
electron generation theory' to take into account the non-
linear behavior of the photocurrent, observed when met-
a/s are illuminated by ultrashort laser pulses with very
high peak intensities. ' We are also looking for a simple
method to analyze the data correspondin:-. to a large
range of experimental situations. The main question,
then is, does the use of laser pulses with very high intensi-
ty and ultrashort length change the photoemission pro-
cess? A consequence of the shortening of the laser pulse
duration ~ is the spectral broadening of the radiation.
The monochromaticity of the radiation is no longer
eftective, and makes a description of the phenomenon
from quantum analysis much more complicated. Anoth-
er consequence is the absolute necessity of taking into ac-
count the coupling of absorbed photons with the surface
as well as the behavior of elementary constituents of the
metal, i.e., the electrons, principally those in the s- and
d-conduction bands, and the lattice. A major result is the
net enhancement of the laser-surface-damage threshold,
typically from about 1 G%'/cm in the picosecond range
to a few 100 GW/cm in the subpicosecond range. ' In
addition to fundamental interest in the physical process,
photoemission with lasers of very high intensity and ul-
trashort length constitutes a real advantage for the pro-
duction of very high peak current density up to 10
kA/cm per pulse and of mean current of a few 100
Ajcm . An additional question, then is, does the
enhancement of the photoelectron density correspond to
an e6'ective increase of the photoemission cross section?

We will show that this enhancement depends on the tem-
porary nonequilibrium between the electrons and the
phonon gas. Metals only are convenient for the produc-
tion of ultrashort electron pulses because of the very
short photon-to-electron conversion delay, which is typi-
cally of a few femtoseconds, while it is about 0.5 —1 ps in
semiconductor and dielectric materials, respectively.

All aspects emphasized above have to be understood
for the e%cient application of ultrashort high electron
multiharmonic generation to the realization of modern
electron sources. These sources are useful in the develop-
ment of free-electron lasers, rf-linac high power tubes,
and more recently ultrashort x-ray sources. For all these
reasons, our attention will be focused at first on an ener-
getic description of the ultrafast photoemission process.
The situation of femtosecond thermionic emission, as de-
scribed by Rifle et al. , is not considered here.

A knowledge of photoelectron energy distribution at
the output of a photocathode is essential to estimate the
strengths of photon-to-electron and electron-to-phonon
couplings at the surface of metal. However, when the in-
tensity of photoelectrons is high, the measurement of the
electron energy distribution, to a sufhcient precision, is
not realistic because of the space-charge effects. '

A discussion of the expression for the multiphoton
photoemission current density, proposed by Yen' and
based on basic works by Fowler" and Dubridge (FD), is
reported in Sec. II. This formulation, successively ap-
plied to nanosecond and subnanosecond pulse ranges, will
be used as a basis for the development of a best suited
photocur rent expression for picosecond and subpi-
cosecond pulse lengths. Several remarks concerning the
founding conditions of the FD current density expression
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are reported in Sec. III. These give rise to a discussion of
the main representative physical parameters, i.e., the
photoemission probability, the coupling of the incident
laser radiation with the surface of the photocathode, and
the thermodynamic nonequilibrium between the electron
gas and the lattice. An expression for the current density
is derived in Sec. IV. Application to our recent experi-
mental data for Au and W will be given as a justification
for the validity of our assumptions.

II. LINEAR AND NONLINEAR
STRONG-FIELD PHOTOEMISSION

Photoelectric emission consecutive to the ionization of
atoms in a strong field was first considered by Keldysh. '

It was extended to the treatment of a strong radiation
field interacting with a metal by Bunkin and Federov'
and Silin. ' A review was given later by Anisimov, Ben-
derskii, and Farkas, ' who introduced the dimensionless
parameter

where N is the work function of the material and

e2E2
A=

2m co

where Ez is the electric field component of the elec-
tromagnetic (EM) wave, normal to the surface with fre-
quency co,' e and I are the charge and the mass of the
electron, respectively; and A is the oscillation (quivering)
energy of a free electron in the EM field. The main con-
clusions were the following.

(i) In the limit when I « I, the current density is the
Fowler-Nordeim equation for the dc field emission
current.

(ii) In the opposite limit, when I ))I, the expression
for the current density can be interpreted as the N-
photon surface effect photoemission current.

The above conclusions tell us that, for Ace radiation,
when the EM field is weak enough such that the quiver-
ing energy A of the electron is much less than the work
function, multiphoton photoemission results. When the
field strength is increased to A)N, the electron can
essentially tunnel through the surface barrier during the
half period when the electric field is normal to the sur-
face. That is the so-called optical field emission (OFE).
However, the triumph of the above treatment in the
unification of the phenomena of multiphoton photoemis-
sion and field emission can be observed only in diluted
media. Because of the recently observed laser damage
threshold, OFE from the surface of a solid is very unlike-
ly. To effectively reach the condition I &1, the ampli-
tude of electric field would be Ez ) 10 V/cm. Consider-
ing a visible or near-IR incident radiation, one calculates
easily that such a field strength is only possible with a
laser peak intensity I„)300 GW/cm, i.e., for a laser in-
tensity higher than the subpicosecond laser damage
threshold of most metals. Recall that laser damage
thresholds of metals in nanosecond and picosecond re-
gimes are about 50 MW/cm and 1 GW/cm, respective-

ly. ' Conclusions reported in Ref. 18 for electron emis-
sion from a gold sample illuminated by 10.6-pm laser
pulses of 5-ns duration are not realistic for the conditions
presented by the authors, because of the laser damage
limit of gold in the far-IR range. ' The thermal action of
the laser beam in the nanosecond range was probably the
origin of the measured current. A calculation made ear-
lier by Shishido leads to the conclusion that an emission
current due to tunneling might be observed using a pi-
cosecond laser pulse with a wavelength higher than 600
nm, peak power —1 GW, and duration —10 " s, fo-
cused into a diameter of 300 pm at a grazing angle of
about 10 rad. This conclusion is wrong because the
effective incident laser peak intensity is larger than 1

TW/cm, and is consequently much higher than the laser
damage threshold of the most resistant metal. For a laser
intensity of 1 GW/cm we calculated that the field-
emission current from tungsten illuminated by the same
laser pulses is about 10 times lower than the two-photon
photocurrent intensity.

Thus, one can certainly assert that the action of laser
pulses with durations above a few tens femtoseconds and
peak intensities lower than the damage threshold results
only in %-photon photoelectric and thermionic effects.

A distinction should be made at this point between the
terms nonlinear and multiphoton to avoid any confusion.
A pure multiphoton process has an integer power depen-
dence on the laser intensity, whereas a nonlinear process
may have any dependence on the laser intensity. Note
that very few works examined effective nonlinear photo-
emission.

Theories about photoelectric emission can be divided
into phenomenological approaches and quantum-
mechanical treatments (QMT's). The review by Anisi-
mov, Benderskii, and

Farkas�'
has to be considered

again. To summarize, recall that the perturbation treat-
ment of multiphoton photoemission from metals has been
carried out by many authors: Jones and Reiss, ' Kan-
torovich, and more recently Mishra and Gersten and
Daniele et aI. In almost all these quantum-mechanical
treatments, a Sommerfeld model of the metal was used,
necessarily assuming that only a surface effect mechanism
is operative. The specific situations of an incident strong
field was not really considered. Finally, expressions for
the current density are reminiscent of the result of the
generalized FD theory. The only difference is that in the
FD theory the free parameter which is proportional to
the photoemission cross section now has been determined
within the context of a surface potential effect model. In
spite of the fact that the photoelectric effect plays a cru-
cial role in the birth and development of quantum
mechanics, it is not yet completely understood. For all
these reasons, the FD theory is considered here as a valu-
able basis for additional developments.

III. SUMMARY OF THK GENERALIZED
FOOLER-DUBRIDGK THEORY

At few-eV photon energy and high-field intensity, the
electron Aux observed from a sohd surface illuminated by
an electromagnetic radiation results, as noted previously,
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FICz. 3. Calculated variation of the peak electron-gas temper-
ature vs the incident laser peak intensity.

and a 2-mm spot diameter. These laser beam characteris-
tics are very close to the damage threshold of gold. With
g=2. 7X10' Wm K ', deduced from Eqs. (11) and
(12), we find that T, is increased up to 4800 K, before
meeting with TL at 410 K, after 10 ps. Such a duration is
about 2.5 times higher than the observed value. The cal-
culated value of ~, could be reduced by a factor of 2.5
only if g depends on the electron temperature, i.e., g ~ T,",
where r =0.5. The temperature of the surface is then in-
creased up to TL =420 K, while the peak electron tem-
perature T, is reduced by a small amount. Taking into
account this power dependence of g on T„T, was cal-
culated for various incident intensities and three pulse
durations, ~ =30, 100, and 450 fs. The variations of T,
vs I are reported in Fig. 3. Note that the maximum
electron gas energy k~T, is always &1 eV for I„~1
TW/cm . That means that the enhancement of the elec-
tron gas energy up to few eV is possible only by using a
much higher laser intensity, a situation which corre-
sponds always to the production of a plasma at the sur-
face. From Fig. 3, one observes that T, is proportional
to I with b, =0 for I (0.1 GW/cm, b, =l for 0.1

GW/cm ~I ~ 10 GW/cm, and 5& 1 for I & 10
CxW/cm typically. Assuming that the time of electron
thermalization at the surface is much shorter than the
duration of electron-to-lattice conversion, the two-
temperature model was used to deduce the values of g
from optical data for different materials. The electrons
were supposed to be instantaneously thermalized into the
FD distribution, but no direct experimental measurement
of the electron energy distribution was reported to justify
this assumption. Using a 270-fs resolved photoemission,
Farm et al. observed a nascent distribution of the
thermalized FD distribution in a thin film of Au. The re-
laxation of nonequilibrium electrons was found to be
inadequately described by the standard electron-phonon-
coupling model. Our opinion is that the efFective electron
temperature is probably higher than the value calculated
from Eqs. (8). However, nonequilibrium thermodynamic
solutions being not available, we have to assume, with the
majority of authors, that electron and phonon gases are
always in local equilibrium. On the other hand the reso-
lution of Eqs. (8) needs the assignment of correct values
to the main physical quantities. For example, in the ex-
pression of the deposited laser energy at the surface [(Eq.

(9)], R, and a are dependent on T, and TI, i.e., on I .
The reflectance R can be represented as a sum of three
terms:

f=f0 1+
fo

(14)

where fo is the amplitude of the quantity f at room tem-
perature, and b,f represents the absolute variation of f.
The total photocurrent density can be expressed as

J= g Jk(x) ~

N=O

with

(15)

k (N) JN P(N)

J~ is given by Eqs. (5)—(7), in which all the quantities are
calculated for the initial temperature T, = TL = To, and

ARr
coO

N

1+
To FO

(17)

is a dimensionless power function of I . Far from the
singular points, the absolute reflectance variation bR„39

is negative when I is increased. The first term in the
right-hand side of Eq. (17) is then equal to
=1—%hR /(1 —R~) ~ l. One verifies easily that the
two other terms are positive and ~ 1. Consequently r@N~
is always positive and ~ 1. We propose to identify it as
the ratio of two laser intensities:

R =R~+a(T, —To)+b(TJ —To),
where R ~ is the surface reflectance at the room tempera-
ture To, and a and b are constant coeKcients describing
how electron and lattice heating affect R . The variation
AR „=R —R ~ arising from the change in TL will typi-
cally decay on a very slow time scale ( ~ 10 ps), while any
relaxation signal occurring on a fast time scale ( ( 1 ps) is
due to electronic relaxation only. A similar description
can be used for a„. Concerning the thermal quantities
C„CL, and K, we note that C, /T, is approximately con-
stant as long as T, is lower than 5000 K, CI is accurately
described by the law of Dulong and Petit, and the
thermal conductivity E corresponds to the extreme sur-
face of the metal. Because the K values reported in the
literature generally correspond to the bulk conductivity
Kz, we consider the approach of Harrington as more
convenient. From this model, K varies from 0 to I( z with
the distance Z normal to the surface, as long as Z is lower
than ten times the mean free path of the electrons.

Consequently, the temperature T in Eqs. (5)—(8)
represents the electron gas temperature T, at any time.
As with T„ the optical coupling parameters R and a„
and the work function N depend on I„.To take into ac-
count the general dependence on T, of the main physical
quantities, we propose to derive each one by using a first-
order limited perturbative development:
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p(x)
4r)

identify, in a first approximation, the total current with
the ¹ rder term, i.e.,

in which I, is the intensity threshold of the nonlinear
multiphoton photoelectric emission process, i.e.,

J=Jk(X) ~ (21)

Then Jk~~~ can be expressed in a way similar to Eq. (4):

limI I p(X) =0 . (19) Jk(N) kIcu k [Xj (22)

Jk(o)= JOI p(o) is the classical thermionic term, enhanced
by laser heating, while, with X 1, Jk(&) are the non-
linear X-photon photoelectric terms.

The total current density is given by Eq. (15), but all
terms do not have a similar strength. In reality, one term
outclasses all the others, as can be shown from the fol-
lowing example.

Consider the situation of photoelectric emission from a
metal illuminated by an ultrashort laser pulse with radia-
tive energy fico such as N/fico=2. When the laser intensi-
ty is not too high, the main photoelectric contribution
corresponds classically to the two-photon process, while
from Eq. (15) the total current is theoretically equal to

0 p(o)+ Jl ~p(1)+J2~p(2)+ J3 p(3) (20)

When I„ increases typically up to 1 GW/cm, the
electron-gas temperature is clearly increased so that the
thermionic term JOI p(o~ presents a net enhancement.
Now, supposing that I,„=10GW/cm, T, =1000 K, the
ratio of Jk~o~/J&~2~ is found to be ((1 (lower than
10 ' ), and for I =100 GW/cm, while T, is much
higher (T, =5000 K), the ratio Jk~o~/Jk~2~(1%. Conse-
quently, the contribution of the thermionic component to
the total cuirent is certainly lower than a few percent in
any case. Now consider the second term in Eq. (20),

k(&)
=J& I k(&) corresponding to single-photon photoemis-

sion. Because the two-photon process is dominant for
irido=@/2, the measurement of the single-photon pho-
toelectric probability a

&
is not possible for the same radi-

ation energy Am. The relative variation of Jk(&) and Jk(2)
can only be estimated from a consideration of electron
population density above the Fermi level in the conduc-
tion band. It is well known that these levels are filled up
as the electron-gas temperature is increased, and Jk(, )

is
then enhanced as T, grows. However, simultaneously,
the levels which are just above the Fermi level, and which
constitute the main electron reservoir for the two-photon
process, are filled much more than the upper levels con-
stituting the usual electron reservoir for the single-
photon process. Our conclusion is that Jk(2)/Jk(&) is

probably always )& 1.
Concerning the terms with X)2, the X-photon pro-

cesses are effective only from levels below the Fermi level.
These levels are depopulated when T, is increased, and it
is slightly probable that the situation observed at room
temperature and low laser intensity Jk(» 2) «Jk „,
would change significantly.

Consequently, the dominant photoelectric term is Jk(2),
and more generally it will be the term corresponding to
the dominant iV-photon process, with X=&/Ace. Be-
cause the thermionic term is always small and very
dificult to estimate with a good precision, we propose to

where

IP

is the nonlinear multiphoton photoemission cross section,
and the nonlinear order k(X) is

(24)

P is a c;ontinuous function of the absorbed laser intensi-
ty I~,') =(1—R )I„. For example, we observed such a
typical dependence from W irradiated by 450-fs 248-nm
laser pulses with 10—60-GW/cm peak intensities (Fig.
4). When I,„ tends to I„evaluated in this case to few 10
MW/cm, P tends toward zero, so that Jk =J&.

The illumination of the metal surface by an ultrashort
laser pulse with a very high peak intensity leads to a net
enhancement of the photoelectric efficiency. From rela-
tive variations of the nonlinear photoemission sensitivity

ASk gF 6T, 5I
+2 +(X—1)

Sk F T, I
two situations have to be considered.

(i) The incident intensity I I, . From previous con-
siderations, we know that T, = To, and that the relative
electron temperature variation is very small compared to
the relative variation of the laser intensity.

The same conclusion holds for AF/F, and consequent-

4
I
U
Q

Q

Q.

0$

0

GWlcm'
0 1 I

10 20 30 40 50
Absorbed laser peak intensity I~(~)

FIG. 4. Dependence of the nonlinear multiphoton photo-
emission order k of tungsten vs the absorbed laser peak intensityI"in the subpicosecond regime.



J. P. GIRARDEAU-MONTAUT AND C. GIRARDEAU-MONTAUT sa

ASk «1 for X =1,
Sk

ASk AI,„=(X—1) for X)2 .
SI, I„

(26)

(27)

For a single-photon process, the sensitivity Sk can be
considered as constant, in good agreement with most ob-
servations. For multiphoton processes, the slope of the
representative graph of Sk vs I„ is constant and equal to
X —1, as forecasted by the classical theory of linear mul-
tiphonon photoemission.

(ii) The laser intensity I & I, . The relative variation
of the electron temperature is now higher than or equal
to thc rclRtlvc variation of I

1x10 5

7

+

CL

0
0 m

4

3x 10 6

4 5 6 7 8 9
Laser peak intensity l

E

II

E

II

0

)
T, I„

and, as

(28) FIG. 5. Crossing of nonlinear single- and two-photon pho-
toelectric emission sensitivities of gold vs the peak intensity of
p —pol. 248 nm and 496-nm, 450-fs laser pulses for an incidence
angle beyond 80'.

consequently, for any X,

(30)

0
g Q~~

(32)

The slope of Sk vs I„ is no longer constant and be-
comes higher than X —1. Such a result is in good agree-
ment with recent experimental data, ' ' and is typical of
R nonlinear response of the photocathode. Similar results
are derived from the time derivative of the photoemitted
charge qk.'

Bqk 1 BI' 2 0Te X —1

II3 8, T, Bw
+

P P

Supposing that the incident laser energy c. is high
enough and constant, and the laser pulse duration w is
shortened, T, is increased and its time derivative
8T, /B~ is (0. A similar result is observed with
BI &/B~, so that Bqk /Bz is negative and qk grows when

is lowered. The photoemission sensitivity Sk, also
equal to the ratio qk/c, is therefore enhanced. The ex-
pression of the photocurrent density given by Eq. (22) is
also representative of both linear and nonlinear
behaviors. Using such a phenomenological expression, it
is now possible to estimate, with a valuable precision
from the experimental data, the main representative pa-
rameters, i.e., the nonlinear multiphoton order k and its
enhancement relatively to %, the photoelectric probabili-
ty a&, and the linear and nonlinear photoelectric cross
sections o.~ and o.&, respectively. This model offers also
a simple way to estimate the laser intensity I corre-
sponding to the crossing of multiphonon sensitivities with
differen X orders. The crossing condition, deduced from
Eqs. (5), (22), and (23) for X- and X' — photon processes
such that XAcu=X'fico', is

A test of validity of Eq. (32) was made from the recent
measurements of single- and two-photon photoemission
sensitivities of polycrystalline Au, in the subpicosecond
range (Fig. 5). The gold surface was irradiated by p-
polarized 248- and 496-nm laser pulses of 450-fs duration,
under an angle of incidence of 82'. The values of the
main parameters, estimated from these experimental
data, are a& =2X10 ' cm /A, a2=4X10 cm /A,
I, = 10 MW/cm, and I, =90 MW/cm, respectively.
We found /3=1. 5 and f3'=2.0. Using the data reported
by Weaver et al. ' for the reflectance of the gold surface
(R =0.483 and R„'=0.617), Eq. (28) gives I =6.83
GW/cm, while the measured crossing laser intensity was
found to be about 6.5 GW/cm . This difFerence can cer-
tainly be explained by the difFerence between the effective
reflectance of the surface and thc values used.

V. CQNCI USIA'

This theory unfortunately does not justify a link be-
tween processes at the microscopic scale and the macro-
scopic photoelectric response of the material. A general
theory could be founded on a metal description as de-
tailed as possible, but we know that this is extremely
dificult to do because of the complexity of the solid ma-
terial and of the incident laser beam representations. As
we tried to show here, the nonequilibrium of the electron
gas and lattice at the surface of metals, effective princi-
pally in the subpicosecond range, again make such a
description more complicated. However, the phenome-
nological model described here offers the main advantage
of making an analysis and comparison of experimental
data observed from various metals more easy, as well as
providing different experimental conditions focused on
the radiation frequency, polarization, and angle of in-
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cidence of the radiation, as well as the laser intensity and
the order of the multiphoton process. Finally, this model
provides a general expression which can be used both to
analyze linear and nonlinear multiphoton photoe1ectric
emissions produced from metal with laser intensity until
the laser damage threshold.
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