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1. INTRODUCTION

Extensive use of lasers in various branches of experi-
mental physics began in the Sixties and has opened up
new opportunities to solve a number of fundamental
problems. It is sufficient to mention here investigations
of many-photon processes in atoms and molecules,'13

new ideas on controlled thermonuclear fusion,ιζ~*2 laser
isotope separation methods,1-5'6·1 and laser methods for
investigations in solid-state physics.'7"9 3 Among the lat-
ter applications there is a considerable interest in stud-
ies of many-photon processes in solids and particularly
in the nonlinear photoelectric emission. The current
status of research on this effect is reviewed below.

The first estimates of the efficiency of electron emis-
sion from a metal as a result of the absorption of two
photons were published well before the discovery of the
laser.1 1 0 3 However, the opportunity to observe experi-
mentally this two-photon effect had to await the develop-
ment of sufficiently powerful lasers. It was found that,
in addition to the high illumination intensity, two-photon
emission requires a suitable experimental method which
makes it possible to eliminate the emission currents due
to other mechanisms. The first report'1 1 3 of a photo-
current proportional to the square of the light intensity
was published in 1964. The method used in that investi-

gation was unsuitable for the observation of processes
of higher orders in intensity. A much more effective
method was the one proposed by Farkas et aZ.,'123 which
made it possible to study photoelectric emission as a
result of the absorption of three or more photons. The
experimental results were found to be in a satisfactory
agreement with the first theoretical calculations of the
probability of the many-photon photoelectric emis-
sion.'13~15J Somewhat later measurements of the abso-
lute values of the quantum efficiency of the two- and
three-photon processes'1 8 3 also confirmed the qualitative
correctness of the theoretical calculations.

The cited investigations were typical of the first stage
of the research on the many-photon photoelectric effect.
At that stage the main problem was to observe the ef-
fect and no attempt was made to carry out detailed in-
vestigations of such important characteristics as the an-
gular and energy distributions of the emitted photons,
or the time, spectral, threshold, and polarization de-
pendences of the photocurrent. A comparison of the
theoretical and experimental results was limited basi-
cally to the lux-ampere characteristics and absolute
values of the photocurrent. A fairly detailed review of
the investigations carried out during this initial stage
can be found elsewhere.c 9 t l 7 > 1 8 3
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We shall concentrate our attention on the investiga-
tions carried out recently and containing, in particular,
analyses of the above-mentioned characteristics of the
emission current. Although such investigations are of
self-evident interest and—as demonstrated by studies
of the conventional one-photon effect1193—can give im-
portant information on the structure, electron spectra,
and properties of the surface layers of solids, the cor-
responding experiments in the many-photon case are
fairly difficult. One of the problems in quantitative ex-
periments is the low value of the photocurrent and the
related need to use high-power laser pulses. The prac-
tically unavoidable heating of the photocathode, which
occurs under these conditions, gives rise to thermionic
emission and masks the fine details of the photoelectric
effect. An analysis shows that the thermal effects in-
terfere with the observations of the photoelectric emis-
sion of sufficiently high order. The competition between
the photoelectric and thermionic emission was first dis-
cussed by Bunkin and Prokhorov.1203 However, a com-
plete analysis was given later'21'221 and was not included
in the published reviews. The design and results of ex-
periments on many-photon emission in vacuum, together
with a qualitative analysis of the conditions for the ob-
servation of the photoelectric effect against the thermi-
onic emission background, are given in Sec. 2.

A very interesting aspect of the investigations which
are being pursued vigorously in recent years is the
photoelectric effect in very strong electric fields. The
theory predicts then a dependence of the emission cur-
rent on the field of the same kind as for the field-elec-
tron emission."5'23'243 Experimental studies of this
case require suppression of the thermal effects and this
can largely be achieved by employing ultrashort laser
pulses. The first experiments of this, kind were carried
out using a train of picosecond pulses.125'263 In these and
later investigations a detailed study was made of the lux-
ampere characteristics at incident light intensities up to
tens of gigawatts per square centimeter. Considerable
deviations were found from the standard power law valid
at moderate intensities. The problem of interpretation
of these deviations was found to be fairly complex; we
shall discuss it in Sec. 5.

Another interesting problem also hardly touched upon
in the published reviews is the many-photon emission
of electrons at metal-electrolyte interfaces. This ap-
proach makes it possible to vary the work function with-
in wide limits without altering other experimental pa-
rameters. This provides favorable conditions for the
testing of the existing theoretical ideas on the photoelec-
tric emission mechanisms. A detailed description of
the experimental studies of many-photon emission in
electrolytes and an analysis of the experimental results
can be found in Sec. 3.

We shall not consider a number of important topics
because this would have prevented a detailed treatment
of the other topics. The omitted aspects include par-
ticularly the statistical characteristics of the nonlinear
photoelectric emission and various considerations re-
lating to the practical applications of the nonlinear pho-

toelectric effect. Some information on these subjects
will be found in a review by Barashev.193

2. EXPERIMENTAL INVESTIGATIONS OF
NONLINEAR PHOTOELECTRIC EMISSION FROM
METALS IN VACUUM CAUSED BY NANOSECOND
LASER PULSES

The first experimental investigations carried out in
1963-1965127"301 were concerned with the emission of
electrons from metal target surfaces illuminated with
pulses generated in lasers operating in the free-oscilla-
tion regime so that the pulse duration was ~ 1 μ sec and
the average power was ~ 10 kW; such pulses consisted
of trains of random irregular spikes. Electron emis-
sion was attributed to the optical heating of the target
and quantitative results were not obtained because of
the spiky nature of the pulses. Quantitative measure-
ments required pulses with thoroughly investigated time
and spectral characteristics, controlled distributions of
the radiation intensity across the beam, and controlled
peak intensity. Such pulses, frequently called giant
pulses, can be obtained from Q-switched lasers. The
shape of these pulses is nearly Gaussian and their half-
width is ~ 10"e sec with a peak power density typically
108 W/cm2. Ruby laser pulses with these characteris-
tics were used in the first investigations carried out by
Ready/313 who measured the current from the surfaces
of tungsten targets and concluded that the effect was of
thermionic nature. Somewhat later, Knecht"21 obtained
under similar experimental conditions some results
which could not be explained entirely by the target heat-
ing.

Further systematic measurements of the electron
emission were influenced strongly by the results of a
theoretical investigation of the many-photon photoelec-
tric effect. The theoretical analysis established the
conditions under which many-photon emission can be
identified reliably by experimental means. We shall
first consider the characteristic features which distin-
guish photoelectric from thermionic emission.

a) In Contrast to the thermionic current, the photo-
current is proportional to the nth power of the light in-
tensity,

h - η,,/". (1)

where ηη is the probability of the n-photon effect. The
order η of the photoelectric effect can be deduced from
the experimental data and compared with the theoretical
value

where A is the work function for emission from a metal
and the angular brackets (x) denote the integral part of
a number x. The agreement between the expected value
of η and that found experimentally can be regarded as
important evidence in support of the photoelectric nature
of the measured current.

b) Since in the photoelectric effect the emission of
electrons as a result of incidence of photons on the cath-
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ode is an instantaneous process, the current pulse shows
no delay relative to the laser pulse. However, because
of the nonlinearity of the lux-ampere characteristic, the
photocurrent pulse should be shorter than the laser
pulse. For example, in the case of a Gaussian profile
of the laser pulse the duration tt of the photocurrent
pulse is related to the laser pulse duration t0 by

In the thermionic emission case the shape of a current
pulse is governed by the time dependence of the target
temperature. The maximum of the current pulse is de-
layed relative to the laser pulse, its duration exceeds ί0,
and the form of the decay is governed by the thermal
properties of the target material (see the results in
Refs. 8 and 30).

c) It is well known that the surface photoelectric ef-
fect is a typical vector phenomenon. The value of the
current is governed by that component of the electric
field of the incident wave which is normal to the surface
and it depends strongly on the angle of incidence and on
the polarization of light. In many-photon emission this
dependence is very strong:

;„ = f?" α sin 2 "9sin 2 "c f ,

where θ is the angle of incidence and φ is the angle of
the plane of polarization relative to the plane of inci-
dence. In the bulk photoelectric effect the dependence
of the photocurrent on the angles of incidence and polar-
ization is related to P", where Ρ is the power absorbed
in the metal but it differs slightly from this power law
(this point is discussed in Sec. 5 below). On the other
hand, the thermionic emission current is governed en-
tirely by the temperature of the metal surface, which—
in its turn—depends on the absorbed power. Thus,
measurements of the angular and polarization depend-
ences of the emission current make it possible to distin-
guish the many-photon surface photoelectric effect from
the bulk effect, and the latter from thermionic emission.

d) The energy distribution of the electrons emitted as
a result of the photoelectric effect differs greatly from
the Maxwellian distribution found in the thermionic case.
In the former case, the maximum of this distribution is
close to the highest energy of the emitted electrons

F.,. a x = ?ί'ί<ι) — A

and is independent of the intensity of light and time,
whereas in the latter case it is proportional to the tar-
get temperature and it varies with time.

These differences between the properties of the many-
photon and thermionic emission currents make it possi-
ble, in principle, to observe the nonlinear photoelectric
effect against the thermionic emission background. The
suppression of the thermionic emission needed in quan-
titative measurements can be achieved by various meth-
ods. We shall now consider those which are used most
frequently.

1) The thermionic current can be reduced by lowering

the laser beam intensity. However, the photocurrent—
which is proportional to the nth power of the intensity-
is then very low and this makes the measurements dif-
ficult. In practice, this method can be used only in in-
vestigating the two-photon effect and the experimentally
determined current then includes a certain contribution
of the one-photon process which is due to the thermal
tail in the Fermi distribution.[ 1 U We shall consider this
problem in greater detail. The various contributions to
the emission current are shown in Fig. 1. In the one-
photon emission case in vacuum when kT «Α -Κω, we
have

(2)

where ηχ is the quantum efficiency of the one-photon
process. For constant laser intensity, the target sur-
face temperature does not exceed

(3)

where c, χ, and ρ are, respectively, the specific heat,
thermal conductivity, and density of the metal; R is the
reflection coefficient of the surface. Figure 2 shows
the calculated, on the basis of Eqs. (2) and (3), lux-
ampere characteristics of the one-photon current asso-
ciated with the Fermi distribution tail; the curves are
plotted for various values of A - Κω. The calculations
are carried out for typical parameters of metals: 7)!
= 2x10"" A/W, 6 = 0.3deg-cm2-W"1-sec"1 / 2, andi0=10
nsec. We can easily see that the contribution of ji falls
exponentially with rising value of Α -Κω and the lux-
ampere characteristic is superlinear because of the
temperature rise. Jf we then calculate the two-photon
emission current and find the ratio j2/ji, we can show
that the range of intensities where j2>ji has upper and
lower limits. This range decreases with decreasing
Α -Κω and it is practically impossible to observe the
two-photon effect HA -Κω^0.3 eV. A rigorous calcu-
lation of the photocurrents of higher orders allowing for
the target heating (Sec. 5) shows that even under opti-
mal conditions it is practically impossible to observe
currents with η >6 because of the thermal effects.

2) The thermionic current can also be reduced by re-
ducing the power absorbed by the cathode when the an-
gles of incidence are close to 90°. In this case the re-
flectivity of a plane metal surface is very high and for
metals such as gold and silver it can reach 98-99%.
This method makes it possible to reduce considerably
the cathode heating and thus ensures the possibility of
observing the nonlinear surface photoelectric effect
which is due to the normal (to the metal surface) com-
ponent of the electric field in the incident wave.

FIG. 1. Electron emission from a
metal due to absorption of one and
two photons.
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FIG. 2. Lux-ampere characteris-
tics of the one-photon effect plotted
for different values of Α -Κω (eV):
1) 0.42; 2) 0.32; 3) 0.22. The
dashed line shows the characteristic
of the two-photon effect.

FIG. 3. Lux-ampere character-
istic.»11

to" to'.
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3) For a given laser radiation intensity the target
temperature can be lowered by reducing the laser pulse
duration. This possibility, proposed in Ref. 20, re-
duces in practice to the use (instead of the conventional
giant pulses of about 10 nsec duration) of ultrashort
pulses of about 10 psec duration generated in the self-
mode-locked regime. When the laser pulses are of
these very short durations, it is possible to avoid sig-
nificant heating of the target even when the laser inten-
sity is fairly high. However, the reduction in the pulse
duration alters the nature of heating of the metal sur-
face because there is no longer an equilibrium between
electrons and the lattice and this affects the thermionic
emission current*213 (see Sec. 4 below).

The apparatus used in studies of many-photon emis-
sion is basically similar for nanosecond and picosecond
pulses and it consists of the following main parts (Fig.
5):

a) a laser;

b) elements for altering the intensity, polarization,
and focusing of the laser beam (these are filters, polar-
izers, and prisms);

c) elements for measuring the intensity, duration, and
spatial distribution of the energy in a laser beam (these
include fast linear photocells, calorimeters, high-speed
cine cameras, and persistent-image oscilloscopes);

d) a vacuum chamber with a metal target, a collector
electrode (sometimes replaced with an electron multi-
plier), and a system for analysis of the energy distri-
bution of the emitted electrons;

e) instruments for recording the photocurrent pulses
(Wide-band amplifiers, pulse voltmeters, and fast-re-
sponse oscilloscopes with a band of about 100 MHz for
the nanosecond range).

We shall begin the review with the experimental re-
sults of the first study'113 which was intermediate be-
tween the preliminary measurements mentioned
above'27"313 and subsequent systematic experiments in-
volving nanosecond pulses. Teich et aZ.[ l u investigated
the emission from evaporated sodium films (A = 1.95
eV) illuminated with gallium arsenide laser pulses of
λ= 8400 A wavelength, which were of about 3 μββο dura-
tion and had a repetition frequency of 2.2 kHz. Since

the photon energy was 1.48 eV, two-photon emission
was expected. Focusing on the target surface produced
a power density up to 10 kW/cm2. The lux-ampere
characteristic obtained in this way is shown in Fig. 3.
Ε can be represented by a sum of linear (A) and quad-
ratic (B) components of the photocurrent. The linear
component is due to the one-photon emission from the
tail of the energy distribution. The experimentally de-
termined rise of the photocathode temperature did not
exceed 2 °C, which indicated the absence of the thermi-
onic current. In accordance with the above analysis,
the contribution of the two-photon emission increased
with the illumination intensity. The measured currents
were extremely small: from 6xlO"18 to 3xl0' l e A.

The experimental values of the two-photon current
agreed, to within a factor of 3, with the calculations of
Smithtl3] but his results were modified later.1333 One
should also note that Teich et al.llli first attributed
their data to the surface photoelectric effect although
the current was observed for normal incidence of light
on the photocathode, when (for self-evident reasons)
there should be no surface effect. In a later investiga-
tion the same authors'343 considered the two-photon
emission from sodium under the action of helium-neon
and gallium arsenide laser radiations as the bulk effect.
In Ref. 35 the two-photon emission was measured in the
absence of the thermal background. However, the ex-
perimental value of the quantum efficiency of the two-
photon effect was three orders of magnitude higher than
that predicted by the theory/363

We shall now consider the results obtained using nano-
second laser pulses. In the experiments described be-

TABLE I.

Laser

Ruby
Ruby, second

harmonic
Neodymium

glass
Neodymium

glass, second
harmonic

Wave-
length, μ

0.6943

0.3471

1.06

0.53

Photon
energy,
eV

1.78

3.57

1.17

2.34

Pulse
duration,
nsec

25

25

40

40

Power,
MW

10-100

10-50

10-100

10-50

470 Sov. Phys. Usp. 20(6), June 1977 Anisimov et at. 470



to >

FIG. 4. Dependence of the
photocurrent on the polar-
ization of the incident radia-
tion.

low the light sources were ruby and neodymium glass
lasers. The pulses usually had Gaussian time and fre-
quency profiles and were of about 10 nsec duration. In
some cases the frequency was doubled in KDP crystals.
The pulse characteristics are listed in Table I.

A. Polarization dependence of photocurrent

Farkas et al.ilzi used a ruby laser and a silver photo-
cathode with a work function of 4.7 eV. A laser beam
passed through a Glan- Thompson prism and fell on the
cathode surface at an angle of 87°. Rotation of the
prism altered continuously the parallel and perpendicu-
lar (to the surface) components of the electric field of
the incident wave. The results obtained are plotted in
Fig. 4. We can see that only the component of the field
perpendicular to the cathode surface is important in the
emission process and the emission current depends
strongly on the polarization of the incident radiation.
The duration of the photocurrent pulses is less than the
duration of the laser pulses, which indicates that the
process is of many-photon nature.

It is interesting to note that the one-photon effect in
silver at the same maximum electron energy (about 0.5
eV) is interpreted in Ref. 37 as the bulk effect, where-
as the three-photon effect is, according to Ref. 12, a
pure surface phenomenon.

B. Dependence of photocurrent on radiation intensity

The theory of the nonlinear photoelectric effect pre-
dicts that the emission current should depend on the
light intensity in accordance with Eq. (1), which is valid

txternal voltage

To oscilloscope

-

i

r

flu J

f
μ

4

*

Ο-Αα
»-Ag

· - Ni

FIG. 6. Dependence of the photo-
current on the illumination inten-
sity.1 2

FIG. 5. Schematic diagram of the apparatus for the observa-
tion of nonlinear photoelectric emission in vacuum.

20 25 30 40 50 60 SO WO 120

I, MW/cm2

for moderately high intensities. Experimental investi-
gations of this dependence were carried out almost si-
multaneously/38'393 Later c 3 4 ' 4 0 ] more detailed measure-
ments were carried out.

In the investigation reported in Ref. 38 an unfocused
ruby laser beam was directed onto a cathode almost
parallel to its surface. The beam intensity was varied
from 24 to 120 MW/cm2, which corresponded to a power
density on the target from 2 to 10 MW/cm2. The cath-
odes were made of gold, silver, or nickel and their work
functions were 4. 8 eV, 4. 8 eV, and 5.1 eV, respective-
ly. The order of the photoelectric effect was 3. The
results of the measurements are plotted in Fig. 6, which
shows that the dependence j 3 oc/ 3 applies to gold and sil-
ver in the range from 2 to 5 MW/cm2. At higher inten-
sities the dependence becomes steeper, which may be
attributed to the target heating. In the case of the nickel
cathode the experimental data are subject to a large
scatter because of the poorer optical and thermal prop-
erties of nickel.

In the study reported in Ref. 39 the light source was
a ruby laser emitting pulses of 1 J energy and 40 nsec
duration. An unfocused beam fell at an angle of 60° on
a cathode which was a thin gold film on a steel substrate.
The three-photon emission was observed at intensities
below 1 MW/cm2; a further increase in the intensity re-
sulted in a rapid rise of the current because of the ther-
mal effects (Fig. 7). The intensity at which the thermi-
onic emission became important was lower than in Ref.
38 because in Ref. 39 the angle of incidence was less
and the absorbed power and cathode temperature were
higher than in Ref. 38. The investigation reported in
Ref. 39 yielded the constant rj3 in the relationship j 3

= rj3/3. This constant was η3= 1.0 χ 10"3 A •cm4-MW"3.
The quantum efficiency, defined as the number of photo-
electrons emitted as a result of incidence of one photon,
was thus found to be 1. 8 χ 10"25/2.

In the second part of the investigation reported in Ref.
39 the authors studied the two-photon effect using the
same target and the second harmonic of a ruby laser
(A = 4. 8 eV, 2Κω = 3. 57 eV). At intensities below 1 MW/
cm2 the observed current was entirely due to the two-
photon effect (Fig. 8). The measured value of the con-
stant in the expression for the emission current j z = r]zI

z

was 2. 35 χ 10"15 A · cm2 · W'2. The dependence of the
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FIG. 7. Lux-ampere character-
istic in the region of transition
from photoelectric to thermionic
emission (Jo = 14 MW/cm2).
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Relative intensity I/l0

quantum efficiency of the effect on the intensity is also
shown in Fig. 8.

In a later investigation1181 the same authors were con-
cerned with details of the nonlinear photoelectric emis-
sion from the surfaces of various metals, including
stainless steel (A = 5.0 e V). They expected photocur-
rents with η = 3-4 for ruby laser radiation and with η = 5
for neodymium laser radiation. Instead, in both cases
they observed a poorly reproducible dependence of the
type (1) with η « 7 and this was evidently due to the ther-
mal effects. For the second harmonic of a ruby laser
they observed the theoretically expected two-photon
emission in the range of intensities from 1 kW/cm2 to
1 MW/cm2.

Thus, an analysis of these investigations shows that
the nonlinear photoelectric effect as a result of nano-
second laser pulses can be observed only in a limited
range of radiation intensities from about 10 kW/cm2 to
1-5 MW/cm8; moreover, it is impossible to observe
photocurrents of order higher than the third because of
the thermal effects, the main of which is the emission
of lower orders because of transitions from the energy
distribution tail. We shall show later (Sec. 4) that this
range can be extended by the use of picosecond pulses.

C. Time characteristics of emission current

The time characteristics of the emission current were
reported in Ref. 40. A ruby laser pulse of Gaussian

I
15 FIG. 8. Quantum efficiency of

the two-photon effect U0»l MW/
cm2).

13-
Relative intensity l:lg
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FIG. 9. Delay of the emis-
sion current relative to the
laser pulse.

t t to
I, MW/cm1

profile and 20 nsec half-width was directed on an Au
cathode at an angle of 82°. The time interval between
the laser pulse maximum and the emission current max-
imum was determined as a function of the laser intensi-
ty. The results are plotted in Fig. 9. We can see that
at intensities below 4 MW/cm2 there is no delay, which
indicates that the current pulses are due to the photo-
electric effect. Above 4 MW/cm2, there is a delay in
the emission current and this is in agreement with the
lux-ampere characteristics described above.

An additional confirmation of the results obtained was
provided by the measurements of the half-width of the
emission current pulses. When the half-width of the
laser pulses was 40 nsec, the half-width of the current
pulses reported in Ref. 16 was 22 nsec, which was ex-
actly the value expected for the three-photon effect. The
half-width of the current pulses was determined in Ref.
40 as a function of the light intensity (Fig. 10). As ex-
pected, at intensities in the range /< 4 MW/cm2 the half-
width of the current pulse was 20/V"3~= 11 nsec; at higher
intensities this half-width increased indicating predomi-
nance of thermionic emission.

D. Energy distribution of emitted electrons

An experimental investigation of the energy distribu-
tion of the emitted electrons was reported in Ref. 16.
When iron and gold targets were illuminated with ruby
laser radiation, the energy distribution maximum was
located at zero energy (Fig. 11), which corresponded
to thermionic emission. In the case of the second har-
monic of the same laser radiation the distribution func-
tion of the emitted electrons had a maximum located at
about 1 eV, which indicated that the emission was now
of many-photon nature. In comparisons of the experi-
mental and theoretical results it would undoubtedly be of
interest to determine the dependence of the photocur-
rent on the electron energy. This dependence could, in
principle, be found by analyzing the energy distribution
of the emitted electrons. However, in practice the pre-
cision of the measurement reported in Ref. 16 was suf-
ficient only to distinguish the photocurrent from the cur-
rent due to thermal effects.

FIG. 10. Dependence of the
half-width of the current
pulse on the laser radiation
intensity. The half-width
of the laser pulse was 20
nsec.
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FIG. 11. Energy distribution of the emitted electrons: 1)

thermionic emission; 2)-4) photoemission due to second har-
monic of ruby laser incident on steel (2), Ag (3), and Au (4).

The dependence of the photocurrent on the frequency
of the incident radiation is also of considerable interest.
The difficulty in these measurements is the fact that the
photocurrent is usually determined at the fixed frequen-
cy of a given laser. Spectral measurements of many-
photon emission in vacuum are fraught with considerable
methodological difficulties and have not yet been carried
out. Some of the difficulties in the experimental deter-
mination of the dependence of the photocurrent on the
frequency of the incident radiation and the energy of the
emitted electrons can be overcome by investigating non-
linear photoelectric emission from various targets in
electrolyte solutions. In this case there is no need to
carry out spectral measurements because the work func-
tion can be varied by altering the photocathode potential.
The results of such experiments are considered in the
next section.

3. EXPERIMENTAL INVESTIGATIONS OF
NONLINEAR PHOTOELECTRIC EMISSION FROM
METALS IN ELECTROLYTE SOLUTIONS

The difference between the photoemission from metals
in electrolyte solutions and the emission in vacuum is
due to, firstly, the potential drop in a double electric
layer at the metal-electrolyte interface (the thickness
of this layer is much less than the wavelength of the
emitted electrons) and, secondly, due to the Coulomb
screening in the solutions, which weakens the electric
image forces. The first difference makes the red edge
of the photoelectric effect a linear function of the po-
tential

Άω = htaa — «p,

where Ku>0 is the work function of a metal in a solution
in the absence of any charge on the interface and φ is
the photocathode potential, measured from the zero-
charge point. The Coulomb screening makes the de-
pendence of the photocurrent on the maximum energy of
the emitted electrons obey the "five-halves" law and not
the usual Fowler law. These features have been investi-

gated in detail in the one-photon effect.

The photoelectric emission from mercury into an
electrolyte solution under the action of ruby and neodym-
ium laser pulses was first observed by Korshunov et
al.li2i They found that the current produced by spiky
ruby laser pulses was a quadratic function of the illumi-
nation intensity, in agreement with the theoretically ex-
pected two-photon emission. The photocurrent-voltage
characteristic obeyed, within the limits of the experi-
mental error; the five-halves law. This confirmed the
theoretically predicted dependence of the nonlinear pho-
tocurrent with η = 2 on the energy of the emitted elec-
trons which had not been established (as pointed out at
the end of the preceding section) in studies of many-pho-
ton emission in vacuum.

Additional more detailed investigations of two-photon
emission143"45·1 were carried out using nanosecond laser
pulses. Use was made of the apparatus shown schemat-
ically in Fig. 12. A laser pulse crossed a system of
calibrated attenuators, mirrors, and filters before
reaching the cathode of an electrochemical cell. Part
of the laser beam, separated by quartz plate, was de-
flected to a microcalorimeter, which was used to mea-
sure the laser pulse energy, and to a fast-response
photocell, which determined the amplitude and shape of
the laser pulses. The signal at the output of the elec-
trochemical cell was amplified with a wide-band ampli-
fier and recorded with a persistent-image oscillograph.
The high capacitance of the electrochemical cell made
it necessary to measure the emitted charge rather than
the current.

In addition to the interference resulting from the ther-
mal effects (discussed in the preceding section), the
electrochemical cell suffered from heating when the il-
lumination was strong. However, the total current pro-
duced by such secondary effects was zero provided the
recording time was longer than the thermal relaxation
time. When this condition was satisfied, the measured
signal was proportional to the emitted charge. On the
other hand, measurement of the heating signal enabled
us to determine directly the electrode temperature.

The sensitivity of the recording apparatus in the
charge measurement method was not sufficient to be

Zhto

β-switched
laser

Frequency
multiplier

Attenuators

Unit for
meas. pulse
energy,
•shape, and
duration

Photocathode

1

FIG. 12. Schematic diagram of the apparatus used in studies
of nonlinear photoelectric emission in an electrolyte.
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able to reduce the laser pulse duration because even for
to~ 10"8 sec the many-photon emission signal was 10"5-
10"3 V and the signal could be isolated only by reducing
the pass band of the measuring system which—like the
presence of the heating signal—made it impossible to
carry out measurements of the signal kinetics.

~ Since the conditions in measurements of the many-
photon emission in vacuum and electrolyte solutions are
clearly different (moreover, in the latter case one can-
not measure the energy distribution of the emitted elec-
trons), the photoelectric effect is identified on the basis
of characteristics other than those listed at the beginning
of Sec. 2. The new characteristics are:

a) a power-law dependence of the emitted charge on
the intensity of light;

b) the five-halves law obeyed at all light intensities,
which is equivalent to independence of the energy distri-
bution of the emitted electrons from the illumination in-
tensity;

c) coincidence of the thresholds of the two- and one-
photon emission effects (corresponding to identical ex-
trapolation potentials of the current-voltage character-
istics) in the case when the excitation is in the form of
laser pulses carrying photons of energies Κω and 2Ku>,
respectively;

d) equality of the difference between the extrapolation
potentials to the photon energy when the order of the
photoelectric effect changes by unity.

The last two characteristics can be deduced directly
from the dependence of the w-photon photocurrent on the
maximum energy of the emitted electrons:

h '
It'
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Table Π gives the values of the extrapolation potentials
(Pan for two- and one-photon emission under the action
of the first and second harmonics of ruby and neodymi-
um lasers.

It is clear from Table Π that in the range of potentials
of the mercury electrode (from + 0.1 to - 2.0 V relative
to the saturated calomel electrode) photoelectric emis-
sion can be of the one- and two-photon type. Moreover,
when the electrode potential is varied, the predicted
change in the order of the photoelectric effect should be
observed: the transition from η = 2 to η = 1 should take

./A/cm2

2.0

1.0 :

0.5 -

0.2

FIG. 13. Two-photon emis-
sion from Hg, Ag, and Cu.

2 3 4
I, MW/cm2

place under the action of the first harmonic of ruby
laser radiation and the second harmonic of neodymium
laser radiation, which can be used to determine directly
the ratio of the efficiencies of the photoelectric effects
with η = 2 and w = 1, provided it is possible to eliminate
the changes vaj^/jx due to different conditions in the
absorption of light of different wavelengths in the metal
and due to the difference between the characteristics of
pulses emitted by different light sources, which have to
be used in measurements of the photoelectric emission
in vacuum.

We shall now present the experimental results. The
quadratic dependence of the emitted charge on the in-
tensity of nanosecond ruby laser pulses (30 nsec dura-
tion) was observed for mercury, lead, silver, and cop-
per up to 3 MW/cm2 in the incident beam for angles of
incidence of 45° on solid electrodes and from 60° to 90°
on mercury. These dependences are plotted in Fig. 13
and they are taken from Ref. 43. The value of η found
in this way is 2 ±0.2. Figures 14 and 15 show the de-
pendences Q(/) for one- and two-photon emission from
mercury and lead under the action of, respectively, the
second and first harmonics of a ruby laser.1 4 5 3 An in-
crease in the temperature of the metal under the influ-
ence of radiation of / = 3 MW/cm2 intensity, estimated
from the heating signal, did not exceed 50 °C, in agree-
ment with the calculations. The thermionic and photo-
electric current from the energy distribution tail was
4-5 orders of magnitude less than the two-photon emis-
sion current (compare Figs. 2 and 3). A considerable

TABLE U

Laser

Ruby
Ruby, second

harmonic

Neodymium glass
Neodymium glass,

second harmonic

Photon
energy, eV

1.78

3.57

1.17

2.34

- 1 . 7 3

+ 0.06

- 2 . 3 4

-1.17

- 0 .

- 1 .

- 1 .

2. V*>

06

17

17

10* r

*>The values of the potentials are given relative to the satu-
rated calomel electrode.

10

0.3 I 3
I, MW/cm1

FIG. 14. Lux-ampere
characteristics of one-
photon (1) and two-photon
(2) emission from Pb in
an electrolyte solution.
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π =2,0 ±0.1

FIG. 15. Lux-ampere
characteristics of one-
photon (1) and two-pho-
ton (2) emission from
Hg in an electrolyte so-
lution.

0.3 1 3
/, MW/cm2

contribution of the thermal effects, manifested by a

steep rise of the slope of the lux-ampere characteristic,

was usually observed at light intensities exceeding 5

MW/cm2. The quadratic dependence of the current on

the light intensity was reported for a mercury electrode

in Ref. 46. In comparing the value / m a i = 5 MW/cm2 with

that given in the preceding section (~ 1 MW/cm2) one

should bear in mind that the order of the photoelectric

effect was different (n= 2 in the case of emission in

electrolytes and n= 3 in the case of emission in vacuum)

and—since the probability of photoelectric emission for

the same values of / fell by several orders of magnitude

when η increased by unity—the value of the maximum

intensity at which a given current was due to the photo-

electric effect increased on transition from η = 3 to η = 2.

The five-halves law was satisfied by the two-photon

emission throughout the investigated range of the quad-

ratic dependence Q(I).

Figures 16 and 17 show the dependences of the emitted

charge on the potential for one- and two-photon emission

from mercury and lead. The experimental data are in

good agreement with Eqs. (4) and (5) and, following the

theoretical predictions, the one- and two-photon emis-

sion thresholds agree at the photon energies 2Κω and

ttu>. The relationship (5) for the two-photon emission

was confirmed in Ref. 46.

The order of the photoelectric effect was reduced
from w = 2 t o w = l b y a change in the electrode potential
in the investigation cited earlier.'4 3·1 Figure 18, taken
from that paper, shows the dependence Q(<p) which
clearly consists of two sections corresponding to one-
and two-photon emission. In the two-photon emission
range (- 0.5><p>- 1.7 V relative to the saturated calo-

•i1·0 Ι Γ I

I I I I I

-0.7 -1.0 -1.3 -1.6

FIG. 17. Constancy of the ratio of the two- and one-photon
emission signals plotted as a function of the electrode poten-
tial: 1) Pb; 2) Hg. Photoelectric emission with n = l and 2 was
excited by ruby laser radiation and its second harmonic, re-
spectively.

mel electrode) the emitted charge is proportional to the

square of the intensity of illumination and for <p< - 1.7

V this dependence becomes linear. The difference be-

tween the extrapolation potentials of the corresponding

parts of the dependence Q((p) is 1.7-1. 8 V, which is in

agreement with the theoretical predictions [Eq. (5)] and

agrees—within the limits of the experimental error—

with the laser photon energy. The quantum efficiency

of the linear photocurrent, found in the range φ<- 1.7

V, is (1-2)xlO"4 electrons/photon at the maximum emit-

ted electron energy Em= 0.5 eV, which is in agreement

with the results of measurements carried out at low il-

lumination intensities. The ratio jz/Ji f ° r the same

values of Em is (l-2)x 10"3 when /= 1. 5-2 MW/cm2. The

value of r?2 found from these data for the two-photon

emission from mercury in an electrolyte solution (allow-

ance is made for the doubling, of the photoemission cur-

rent because of the chemical reduction of the captured

product) is (1. 5-0.7)x 10"14 A • cm2 · W"2.

The above change in the order of the photoelectric

emission from mercury occurs also in the case of

pulses of the second harmonic of neodymium laser radi-

ation in the range of potentials identified in Table II.

In more accurate measurements of η2 a comparison

was made of the charges emitted from the same metal

target by pulses of the first and second harmonics of

ruby laser radiation.'453 The values of η 2 found in this

way (Table III) were averaged over a considerable num-

ber of measurements carried out on different samples

and could be regarded as correct to within a factor

smaller than 2. Table ΙΠ gives also the values of η2 de-

duced from measurements of the two-photon emission of

electrons in vacuum.

It is clear from Table III that the values of η2 of dif-

I *

0 -0.Ί -0.8 -1.2 -1.6

FIG. 16. Current-voltage characteristics of one-photon (1)
and two-photon (2) emission from Pb in an electrolyte solution.

1.0

S 0-5-

-1.0 -2.0
v. V

FIG. 18. Dependence of the
order of the photoelectric ef-
fect on the electrode potential
obtained for 0. 01 Μ solution
of (C2H5)4C1 (ruby laser radia-
tion of 1 = 2 MW/cm2 intensity).
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TABLE ΠΙ

Metal

Sodium

Gold
Mercury
Lead

Emission
conditions

Vacuum
I t

Electrolyte

Photon
energy, eV

1.48
1.96
3.57
1.78
1.78

Maximum
electron
energy, eV

0.7
1.6
2.3
1.2
1.1

1 j

A· cm2 · W"2

8· 10"le

9· ΙΟ"15

2.4· ΙΟ'"
3.5· 10""
7.3· 10""

Ref-
erence

34
35
19
45
45

ferent metals lie within the range 1<Γ15-10"1!Ι Α· cm2

• W"®. The results for silver and copper"31 give TJ2- 10"14

A· cm2-W"2 (see Fig. 13), which also lie in this range.
In estimating the scatter of the values of ηζ within two
orders of magnitude we must bear in mind that the mea-
surements on sodium films were carried out in 10""
Torr vacuum, which was insufficient to ensure a clean
surface (see, for example, Refs. 48 and 49), and the
values of η2 for gold, on the one hand, and mercury and
lead, on the other, were obtained for photon energies
differing by a factor of two and, in accordance with the
theory, ηζ should decrease rapidly with rising ω. Such
a variation was deduced also from the results of pre-
liminary measurements described in Ref. 44, where a
comparison was made of the probability of two-photon
emission of electrons from mercury under the action of
the first harmonics of ruby and neodymium laser pulses
(in the latter case the emission occurred in the range φ
< - 1. 5 V relative to the saturated calomel electrode)
and it was found that TJ2 in the second case was approxi-
mately an order of magnitude higher than in the first.

The angular dependence of the probability of two-pho-
ton emission from mercury (£ω= 1.78 eV), determined
in Ref. 44, is shown in Fig. 19. This figure includes
also a similar dependence for the one-photon emission
obtained at the same photon energy for the same sample.
The latter agrees well with the angular dependence of
the photocurrent at low illumination intensities.

4. EXPERIMENTAL INVESTIGATIONS OF
ELECTRON EMISSION FROM METALS IN VACUUM
CAUSED BY PICOSECOND LASER PULSES

As pointed out in the Introduction, at very high (of the
order of 10-100 GW/cma) illumination intensities the
nonlinear photoelectric effect exhibits a number of very
interesting features. The well-known work of Kel-
dyshC50] was followed by a series of theoretical pa-
pgj.gK3.24.si-5« i n w h i c h i t w a s pre(jicted that the usual

power-law dependence of the emission current density
on the laser intensity should break down at sufficiently
high intensities. These investigations stimulated ex-
perimental studies of the photoelectric emission in
strong optical fields.

Although intensities of the order of hundreds and thou-
sands of gigawatts per square centimeter can readily
be attained in nanosecond pulses, such pulses are un-
suitable for the investigation of photoelectric emission
in this range of intensities. In fact, as pointed out in
Sec. 2, in the case of nanosecond pulses the range of
reliable observation of many-photon emission has an
upper intensity limit of the order of 2-5 MW/cm2; at

higher intensities the thermionic emission due to the
cathode heating begins to make a considerable contribu-
tion to the observed current. Bunkin and Prokhorov1201

demonstrated that much more favorable conditions for
studies of many-photon processes are established by
reducing the laser pulse duration and at the same time
increasing the illumination intensity. It was shown in
Refs. 8 and 21 that heating of a metal with ultrashort
pulses disturbs the equilibrium between electrons and
the lattice and this should effect strongly the thermionic
emission because of the low specific heat of the degen-
erate electron gas. A detailed calculation, which will
be considered in greater detail in Sec. 5, showed that
in the case of pulses shorter than 10"u sec the range of
observation of the photoelectric effect against the therm-
ionic emission background can be expanded to intensities
of the order of 10-100 GW/cm2.

The technique of generation of ultrashort laser pulses
was developed in 1966-1967. The earliest information
on the parameters of such pulses was obtained by the
method of two-photon fluorescence. It was established
that a self-mode-locked laser can emit a train of ΙΟ-
Ι 00 pulses of average duration of the order of 10"u sec,
average power of the order of 1 GW, and an interval be-
tween the pulses Δί= 2L/c, where L is the length of the
resonator and c is the velocity of light. Subsequently,
electro-optic methods were used to isolate a single pulse
from a train and to measure directly its duration by
means of an image-converter camera.t5S] These inves-
tigations established that during the first half of a train,
when the intensity rises, each separate pulse is of
Gaussian shape along the time and energy scales and
has an average duration of about 6-7 psec. During the
second half of the train, when the intensity falls, the
duration of the pulses increases to values of the order
of 100 psec, and their profile and spectrum become ir-
regular and acquire a substructure.

Before discussing the investigations of the nonlinear
photoelectric effect under the action of picosecond
pulses, we should note that measurements of photoelec-
tric emission of higher orders can give useful informa-
tion on the properties of the pulses themselves, partic-
ularly on their time structure, spectral characteristics,
coherence, etc.

A. Dependence of photocurrent on radiation intensity

The first measurements of the lux-ampere character-
istics of picosecond pulses were carried out in

2.0-

FIG. 19. Dependence of the
emitted charge Q (rel. units) on
the angle of incidence of polar-
ized light: 1), 1') one-photon
emission from Hg; 2), 2') two-
photon emission from Hg; 1, 2)
s polarization; 1'), 2') p polar-
ization. Ruby laser radiation,
2 MW/cm2.

20° 40° 60° 80°
Β
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FIG. 20. Apparatus used in investigations of the photoelectric
emission under the action of picosecond pulses.

1969.[5e>S7:i The apparatus used was described in Refs.
12 and 38 and it included a laser operated in the self-
mode-locked regime. A train of picosecond pulses was
recorded with two photoelectric detectors: a fast linear
detector and a nonlinear one, in which a metal cathode
was used. The signals from both detectors were applied
to a fast-response oscillograph. Thus, the experiments
yielded the averaged (over an interval governed by the
oscillograph pass band, usually about 1 nsec) values of
the linear and nonlinear currents, proportional to the
integrals

r at.

Clearly, only in the case when all the pulses in a train
had the same time and spectral profiles could the in-
tensity / be replaced with VL and the current j <*/ " with
the value 7 N L . The lux-ampere characteristic was ob-
tained by plotting VNL as a function of VL on a double
logarithmic scale.

The experiments158157-1 revealed nonlinear photoelec-
tric effects of different orders—from the second to the
fifth—when the laser beam intensity was about 1 GW/
cm2. Exact absolute values of these intensities were
not measured because at that time it was still difficult
to determine the durations of ultrashort pulses. The
apparatus employed was of the type shown schematically
in Fig. 20. Ruby and neodymium glass lasers were
used; the target materials were Au and Ni as well as
the semiconductor Cs3Sb. In the case of the neodymium
laser radiation and the Au cathode small fluctuations of
the work function would alter the expected value of η from
5 to 4. Therefore, in the case of polycrystalline sam-
ples either of these values could be obtained, depending
on the structure of the sample.

It is clear from Fig. 21 that the experiments de-
scribed above revealed the pure many-photon effect of
the second, third, fourth, and fifth orders without a
significant contribution of thermionic emission. The
experimental error in the determination of η was ±0.5."
The experiments indicated some increase of the current
at the end of a pulse train, which was one of the first ex-
perimental indications of an increase in the duration of

the individual pulses at the end of a train. Essentially,
the main importance of the experiments reported in
Refs. 56 and 57 was that they confirmed that the many-
photon effect could be observed in the range of intensi-
ties ~ 1 GW/cm2 or higher. This provided an opportuni-
ty for a detailed investigation of the characteristics of
photoelectric emission in strong optical fields.

The theory of photoelectric and thermionic emission
under the action of picosecond pulses is discussed in
detail in Sec. 5. However, we must mention here two
theoretical results which are essential for the under-
standing of the experiments described below. The first
relates to the dependence of the photocurrent on the il-
lumination intensity. We have seen above that at rela-
tively low intensities the photocurrent is a power-law
function of the illumination intensity. On the other hand,
if the wave field intensity becomes so high that the prob-
ability of tunnel knocking out of an electron in one peri-
od is of the order of unity, the1 dependence of the emis-
sion current on the field intensity should reduce to the
well-known expression for the field-electron emission
in a static field. A similar situation applies naturally
in the case of many-photon ionization of atoms. c n A
formula derived in Ref. 50 and valid in the limits of
weak and strong fields applies specifically to this case.
According to Refs. 15, 24, and 50, the critical field in-
tensity is f f ~ (cc/e)V"2mA, where e and m are the elec-
tron mass and charge, and ω is the radiation frequency.
For a neodymium laser and a gold cathode an estimate
gives a critical value of S*~ 101·3 v/cm. This value is
obtained without allowance for the Coulomb interaction
between the emitted electron and the metal surface.
Such allowance reduces the critical field by more than
one order of magnitude.C23J

Secondly, as shown in Refs. 8 and 21, the nature of
the thermionic emission changes greatly in the picosec-
ond range of pulse durations. For these durations the

0.2 0.5 I.D I

1)ln the case of a Cs3Sb cathode, which is used as a control,
the thermal effects become perceptible at lower intensities
than in the case of metal cathodes because of the lower ther-
mal conductivity of Cs3Sb.

FIG. 21. Lux-ampere characteristics: a) Cs3Sb cathode,
neodymium laser, η =2; b) Au, ruby laser, re =3; c) Au, neo-
dymium laser, re =4; d) Ni, neodymium laser, re = 5.
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FIG. 22. Reduction in the degree
of nonlinearity at high illumination
intensities.

to
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FIG. 24. Dependence of the photocur-
rent on the intensity of illumination
provided by a laser emitting a train of
picosecond pulses: 1) part of the train
with rising intensity; 2) part of the
train with falling intensity.

electron subsystem is isolated from the lattice and, be-
cause of its low specific heat, this subsystem is heated
practically instantaneously. Consequently, when pico-
second pulses are used, the thermionic emission cur-
rent is not delayed relative to the laser pulse. In the
simplest experiments it is difficult to separate such
thermionic emission from photoelectric emission; the
superposition of the two mechanisms results in a de-
pendence of the current on the illumination intensity
other than that given by Eq. (1).

An experimental check of these theoretical predictions
was made in Ref. 58. An improved variant of the appa-
ratus described in Ref. 57 was used. The results were
analyzed by the same technique as in Ref. 57. Radiation
emitted by a self-mode-locked neodymium laser was fo-
cused on the surface of a cathode. Measurements were
carried out in the range of laser intensities from 6. 5 to
66 GW/cm2. The relevant values of %x range from 106*3

to 10*·8 V/cm. The experimental results are plotted in
Fig. 22. We can see that when the normal component
of the field is £ χ ~ 108·8 V/cm, there is a deviation from
the usual power dependence of the emission current.
However, the experimentally determined critical value
of the field intensity, corresponding to the onset of this
deviation, is slightly less than the theoretically predict-
ed'243 value 107·3 v/cm. However, it should be pointed
out that the accuracy of the absolute measurements of
the field intensity was not very high because the two-
photon fluorescence method gave the pulse durations
averaged over a train. Moreover, the experiments in-
dicated that the emission current and the random scat-
ter of the results depended strongly on the parameters
of the ultrashort pulses and their distribution in a train.

A more detailed investigation of the same topics was
reported in Ref. 59. Use was made of the apparatus
described in Ref. 58. Signals from a linear detector
and a photocathode passed along a delay line and were

FIG. 23. Oscillograms of linear and nonlinear signals.
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applied simultaneously to a fast-response oscillograph.
The signals were trains of current pulses (Fig. 23).
The duration of the signal from the nonlinear photocath-
ode (measured along the envelope) was less than the
duration of the linear signal. The lux-ampere charac-
teristic based on Fig. 23 is plotted in Fig. 24. This
characteristic has three different regions. The initial
part of the train, when the intensity rises, corresponds
to the straight line of slope 5, describing photoelectric
emission due to the absorption of five photons. An in-
crease in the maximum intensity reduces the slope in
accordance with the theoretical predictions124·83·50*541

and the results reported in Ref. 58. Finally, the third
part of the curve, corresponding to a part of the pulse
train in which the intensity decreases, reveals an un-
expectedly steep rise of the slope. Since such a strong
dependence of the current on the illumination intensity
is difficult to explain on the basis of the existing theo-
ries, Farkas and Korvlth'591 undertook a more detailed
investigation. They found that the observed features
were partly due to the structure of a train of pulses in-
vestigated in Ref. 55. In those cases when the Q factor
was switched by a bleachable filter with a low initial ab-
sorption, the generated pulses exhibited a regular struc-
ture which was disturbed only at the end of a pulse.
When the initial absorption of the dye in the filter was
high, the pulses were of about 50 psec duration even at
the beginning of a train, there was a substructure with
a period of the order of 10'13 sec, and the spectral dis-
tribution was irregular. It was concluded in Ref. 59
that in the case of ultrashort laser pulses with a repro-
ducible structure the theoretical predictions123'243 were
confirmed qualitatively at moderate and high illumination
intensities. In the case of longer pulses with an irregu-
lar and poorly reproducible structure,' the observed rise
of the. order of nonlinearity could be due to a new type of
thermionic emission discussed in Refs. 21 and 22. A
detailed investigation of this point was madece0'elJ using
giant pulses whose duration was a few tens of picosec-
onds. A single picosecond pulse was separated from a
train by a Pockels cell and passed through three ampli-
fying stages. A master oscillator, which was a YAG : Nd
laser, was operated in the mode-locked regime and
emitted a single transverse mode. The pulse shape was
recorded with an image-converter camera and was found
to be Gaussian of 30 psec half-width., The other details
of the apparatus were identical with those'used in Ref.
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FIG. 25. Reduction in the
degree of nonlinearity (order
of the photoelectric effect)
with increasing illumination
intensity.

0.5
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59. The experiments were carried out on a gold cathode.
A beam fell tangentially on the cathode surface and the
vector % was directed at right-angles to the surface.

The results are plotted in Fig. 25 on a double loga-
rithmic scale as the dependence of the emission current
on the illumination intensity (in relative units). Each
point in Fig. 25 is the average of 20 measurements.
Right up to intensities of a few gigawatts per square
centimeter, the lux-ampere characteristic remains a
straight line with a slope of 5, i. e., the pure five-pho-
ton effect takes place. Deviations from this dependence
begin when the field intensity is t* ~ 106*3 V/cm, which
is in agreement with the earlier results.c 5 8 ' 5 9 3 It should
be noted that the theoretical calculations[24J gives a
much higher value of the critical field: S*~ 107'3 V/cm.
It is pointed out in Refs. 23, 54, and 62 that in calcula-
tions of the critical field one has to allow for the Cou-

to1
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FIG. 26. Photoelectric current
j (A/cm2) from the surface of
tungsten illuminated with pico-
second pulses.

200 -
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FIG. 27. Photoelectric emission
under the action of a single pico-
second pulse free of substructure
(Au, neodymium laser).

to' ζ 5 Ι0Ύ 20 J,

lomb interaction of the emitted electrons with the metal.
However, the estimates obtained in Refs. 23 and 54 al-
lowing for this effect give a very low value for the crit-
ical field, S*~ 105 V/cm, which again does not agree
with the experimental results. We shall return to this
difficulty in Sec. 5, where we shall discuss the theory
of the nonlinear photoelectric effect.

In principle, the discrepancy between the theoretical
and experimental values of the critical field may be due
to inaccuracy of the experimental determinations of this
field. However, it is unlikely that such an inaccuracy
may result in a tenfold reduction in the field intensity.21

Similar measurements on a tungsten cathode, carried
out with the same apparatus as in Refs. 60 and 61, were
described in Ref. 62. Many-photon electron emission
with η = 4 (Fig. 26) was observed for values of BL not ex-
ceeding 106·2 V/cm (the intensity was calculated at the
maximum of a laser pulse). Thus, the results reported
in Refs. 60-62 indicated that smooth single picosecond
pulses caused photoelectric emission with a degree of
nonlinearity η = n0 = (1 + (Α/Κω)) and it was not possible
to observe values of η exceeding n0. It was shown earli-
er in Ref. 59 that the emission with η >η0 occurred in
the falling part of a train of picosecond pulses in approx-
imately the same range of intensities. Such anomalous
emission with w >w0 could be due to the properties not of
the pulse train but of the structure of the individual
pulses and this was tested in Ref. 63 by investigating the
emission under the action of single picosecond pulses of
two types: a) smooth Gaussian pulses of ~6 psec dura-
tion, separated from the part of the train of growing in-
tensity, and b) pulses with a definite substructure of
~ 50 psec duration obtained using a bleachable filter with
a high initial absorption. It was found that type a) pulses
caused photoelectric emission with n = no= 5 (Au cathode,
neodymium laser). The lux-ampere characteristic ob-
tained in this case is shown in Fig. 27.

In the case of type b) pulses (Fig. 28) the values were
η >η0. The emission current also depended strongly on
the polarization of the incident radiation. It was impos-
sible to measure accurately the intensities of type b)

to'1 to" to'
/,GW/cm2

2)These values of ΐ* were calculated from the radiation inten-
sities averaged with respect to time and over the focusing
spot.
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FIG. 28. Photoelectric emission tinder
the action of a single picosecond pulse
with a strong substructure (Au, neodymi-
um laser).

2 1L

pulses but an estimate based on the measured parame-
ters gave a value of the order of a few gigawatts per
square centimeter.

The appearance of emission with n>n0, together with
strong polarization dependences in the case of type b)
pulses indicated that the observed current was a super-
position of photocurrents of different orders of nonlin-
ear ity, which were excited simultaneously. This type
of emission was predicted in Ref. 64, where it was
shown that values of n = d(ln;)/d(lnJ) for the total cur-
rent could exceed n0.

B. Dependence of emission current on polarization
of radiation

Since the surface and bulk photoelectric effects and
thermionic emission can have similar lux-ampere
characteristics in a narrow range of illumination inten-
sities, the knowledge of these characteristics is insuf-
ficient for the identification of the emission mechanism.
In view of this, measurements were made1*03 of the po-
larization dependence of the emission current. The
measurement method was basically similar to that de-
scribed above (Sec. 2). The direction of polarization of
light incident on the cathode was varied by rotation of a
Glan-Thompson prism placed in the laser beam. The
measurements were carried out in the range of intensi-
ties where the relationship j oc/n was obeyed. The par-
allel Sn and perpendicular £x components of the electric
field depended on the orientation of the original (in the
absence of the prism) polarization of the laser beam
relative to the cathode surface. We shall consider two
cases.

In the first case (Fig. 29), the direction of polariza-
tion of the incident beam is described by the angle φ be-
tween the oscillation plane of the electric vector and the
normal to the cathode surface. Then, the field compo-
nents are

?χ (Φ) = ? . cos» φ , '
f II (<T) = £o c o s <p s i n <P·

It is clear from Fig. 29 that the measured photocurrent
depends only on the component of the field g± and is de-
scribed by

FIG. 29. Polarization depen-
dence of the photoelectric cur-
rent. The experimental con-
figuration is shown in the top
right-hand corner.

20' 40° SO' 80° f

which corresponds to the fifth-order surface photoelec-
tric effect. The influence of the field component paral-
lel to the surface cannot be observed even for the maxi-
mum value of this component gM = go/2.

In the second case (Fig. 30), the field components are
governed by the angle a between the oscillation plane of
the electric vector and the cathode surface. If this sur-
face makes an angle of 45° with the original direction
of polarization of the electric vector, the dependence of
the field components on a is given by

#± (<z) = g0 cos ί-5· — α) sin a,

j?n (o) = g0cos7-^- — a ) cos a.

The maximum values of the field components are gx „,„

The experimentally determined dependence of the
emission current on the angle a agrees with the expected
law

ID •

0° 30° eo° gf^-izr iso'

FIG. 30. Polarization dependence of the photoelectric current
for a modified configuration (shown in the top right-hand cor-
ner).
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throughout almost the whole range of a. It is interesting
to note a slight discrepancy for angles a £90°. It is
important to note that the current is governed only by
the normal component of the field even in the region of
maximum '(·„ and deviations from this dependence begin
at α β 90° where the component £„ changes its sign.
This unexpected observation requires further study.

It is interesting that the strong polarization depend-
ence is observed not only for smooth pulses but also for
single pulses with a substructure which give rise to a
lux-ampere characteristic of slope w>no. l e 3 ]

Summarizing the above results, we may conclude that
in the investigated case (Au cathode, neodymium laser)
the electron emission is entirely due to the surface pho-
toelectric effect. The change in the lux-ampere char-
acteristic with increasing field intensity is in qualita-
tive agreement with the theoretical predictions. The
anomalous change in this characteristic observed in
some experiments and the slopes with η >η0 are due to
an irregular structure of the laser pulses.

5. THEORY OF NONLINEAR PHOTOELECTRIC
EFFECT

The one-photon case has been analyzed most thorough-
ly in the theory of the photoelectric effect. Relatively
little work has been done on the many-photon emission
of electrons and almost all this work has been concerned
with the surface photoelectric effect.

The general approach to the problem makes it possi-
ble to divide the theoretical papers on the photoelectric
effect into two natural groups. The first represents
calculations of the photoelectric emission based on phe-
nomenological models of the interaction of light with
electrons in a metal. The simplest of these model the-
ories, developed in Ref. 65, is one of the first applica-
tions of quantum mechanics to solid-state physics. The
approach proposed in Ref. 65 has been found to be very
fruitful and for a long time the theory of the photoelec-
tric effect has been evolving by improvement of phenom-
enological models. The influence of the form of the po-
tential barrier at the metal-vacuum interface, as well
as the influence of temperature, nonideal nature of the
surface, and periodic lattice field on the emission cur-
rent have been investigated in turn. In spite of the pat-
ent inconsistency of the phenomenological approach,
pointed out many times by its critics, and the extreme
simplicity of the models employed, the results of the
calculations have usually been found to be in very good
agreement with the experimental data. The phenomeno-
logical approach has not lost its importance in the the-
ory of the photoelectric effect even now. It is sufficient
to mention that a considerable number of the results ob-
tained in the theory of the bulk and nonlinear surface
photoelectric effects is based on a model representation
and is in reasonable agreement with the experimental
results.

The second group comprises papers in which a con-
sistent quantum-mechanical formulation of the problem
of photoelectric emission is employed. The most im-
portant result of these investigations is the understand-

ing of the reasons for the success and determination of
the limits of validity of the phenomenological theories
of the effect. A very convenient (from the point of view
of calculations) approach to photoelectric emission is
based on the threshold approximation in the scattering
problem.123·1 A different but generally equivalent for-
malism is used in Refs. 66 and 67. It is important to
note that the approach developed in Refs. 23, 66, and
67 makes it possible to allow in a natural manner for
the many-electron effects.[35ιββ:ι The main computation
method in the papers belonging to the second group is
the perturbation theory, which is very convenient in
one-photon emission calculations. In the many-photon
case the main interest lies in strong optical fields in
which the condition of validity of the perturbation theory
may not be obeyed. Some of the results are obtained
for this case in Ref. 23 by allowance, within the scat-
tering problem framework, for the interaction in the
final state.

In this section we shall describe the main methods for
the calculation of photoelectric emission and the results
obtained by these methods. We shall pay special atten-
tion to the case of strong optical fields and to some ef-
fects which are characteristic of the linear method of
photoemission excitation.

A. Transient perturbation theory,

approach

Phenomenological

We shall begin with model calculations of the photo-
electric emission current in fields which are weak com-
pared with the intra-atomic fields. Calculations of the
kind have been carried out by many authors (see Ref. 19)
for the one-photon effect; the two-photon emission is
considered in Refs. 13 and 69 and the three-photon case
in Ref. 33. The model nature of the calculations results
from the fact that an analysis is made not of the inter-
action of light with a metal but of the absorption of light
by an electron in some one-dimensional potential field.
In most cases, the Sommerfeld model is used in which
the potential is in the form of a step: V(x)= νϋθ{χ).
The external field is assumed to be weak and is regard-
ed as a perturbation.

The motion of an electron in the field of an optical
wave and of this potential is described by the SchrOdin-
ger equation

(6)

with the Hamiltonian

7 4 - ^ A2,

where A(r, t) is the vector potential of the optical wave;
the rest of the notation is standard. The current, con-
sidered as a function of the electron momentum, is cal-
culated in the usual way from the solution of Eq. (6):

j (P) = -^- (ψνψ* -ψ*νψ) - ~ Α,|-·ψ.

The current density is found by averaging over the
Fermi distribution W(p):
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j = j dp W (p) j (p). (7)

In a weak field the solution of the SchrOdinger equation
(6) can be found in the form of a series in powers of the
vector potential. Substituting in Eq. (6) the potentials
V(*)= V09(p) and A = acoswi, we can write the wave func-
tion in the form

(8)

where E=pz/2m is the electron energy in the absence
of the field and ψ» oc | α | * α | §oc/w|*.

We shall follow the treatment of Ref. 70, where the
perturbation theory calculations are made of the photo-
electric emission of an arbitrary order. The formulas
of Refs. 13, 19, 33, and 69 follow as special cases
from the results of Ref. 70. We shall assume that the
incident electromagnetic field penetrates the metal.
This assumption is more natural in the case of the sur-
face photoelectric effect than the assumption that there
is a field discontinuity at the surface. The discontinui-
ties of the field and the effective electron mass on the
surface can make an additional contribution to the photo-
excitation and allowance for them should generally in-
crease somewhat the emission current. If necessary,
these effects can be included in an obvious manner in
the calculations reported below.

Substituting Eq. (8) into Eq. (6) and adopting (for con-
venience) the atomic units, we obtain a chain of equa-
tions for the functions 4>k

Since the coefficients in these equations are piecewise-
constant, the solution of Eq. (9) can be written in the
form of a combination of exponential functions and the
coefficients in front of these functions are found from
the conditions of matching of >pk and their derivatives at
x=0. Omitting the details of the calculations, we shall
now give the final expression for the current density
(in terms of dimensional variables):

h = f dp,fn (Px) In { 1 +exp

h (Av) - Χ?" ̂ 5 /* Vpl-r2m(nh<o-V0)
(10)

> nhu>.

where £>„(*) is some function for which a recurrence
formula is given in Ref. 70. For η = 0 the formula (10)
gives the thermionic emission current. For n= 1, 2, or
3 we obtain the results known from Refs. 13, 19, 33,
and 69.

A calculation of the quadrature in Eq. (10) for a known
dependence of the cathode temperature on the laser il-
lumination intensity makes it possible to determine the
lux-ampere characteristic of the nonlinear photoelectric
field. In many cases the effects associated with heating

are ignored and the integrals of the (10) type are calcu-
lated at Τ = 0. S such a calculation is made in the pres-
ent case, it is found that the dependence of the photo-
current on the component of the electric field of the wave
normal to the cathode is described by a power law. By
way of example, the dashed line in Fig. 31 is used for
the lux-ampere characteristic of Ajf and neodymium
glass laser radiation, calculated without allowance for
the photocathode heating. This line represents the de-
pendence joe/5. The continuous curve in the same fig-
ure shows the real lux-ampere characteristic obtained
allowing for the photocathode heating (a calculation of
the latter characteristic is described below). In addi-
tion to the clear difference between the curves at high
intensities, one should note that the emission current
represented by the continuous curve depends not only on
the component of the electric field normal to the metal
surface but also on the tangential components. The total
current, representing a sum of the partial currents with
different degrees of nonlinearity, exhibits a complex
polarization dependence.

It is clear from Eq. (10) that the expansion in Eq. (8)
is in terms of the powers of the parameter Δ//ία>«β2 ΐ\/
mKu>3. Therefore, the perturbation theory is valid only
if the energy of classical oscillations of an electron in
the field of an optical wave is low compared with the
work function. In estimating the range of validity of the
solution obtained by the perturbation theory and the na-
ture of deviations from this solution we have to adopt the
approach which does not require the assumption that the
wave field is weak. This approach was first proposed
by Keldysh[50J and applied to photoelectric emission in
Refs. 15 and 24. We shall now consider some results
obtained in these papers.

B. Photoelectric emission at high radiation intensities.
Limits of validity of perturbation theory

The transition of an electron to its final state because
of its motion in the field of a strong optical wave is con-
sidered in Refs. 15, 24, and 50. This allows exactly
for the effect of a strong field of a free electron. It is
shown in Ref. 62 that the main results of Ref. 50 can be
obtained more simply by the quasiclassical method.
However, we shall follow the method of Ref. 50, because,
for a simpler model of a metal, it makes it possible to
obtain essentially the exact solution of the problem of
nonlinear photoelectric emission.C24] Naturally, this

FIG. 31. Photoelectric emis-
sion from silver calculated on
the basis of the perturbation
theory: the continuous curve
is obtained allowing for the
cathode heating and the dashed
curve—Ignoring this heating.

/, GW/cm2
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gives rise to certain computational difficulties which re-
quire the application of numerical methods in the deter-
mination of the lux-ampere characteristics.122·1

The Sommerfeld model of a metal is used in Ref. 24:
in this model electrons are regarded as particles with
an effective mass and they are assumed to obey the
Fermi statistics and to move in the field of a static po-
tential. At the boundary of the metal the potential has a
discontinuity Vo. The motion of an electron is described
by a time-dependent SchrOdinger equation (the atomic
system of units is used):

* % - * * •

The Hamiltonianis

Snt = θ (χ) ( —ϋ£ί2ί-10V +

u t , where

(11)

The form of 3£lat corresponds to the model in which the
field does not penetrate into the metal (it is this case
that is considered in Ref. 24). The solution can be gen-
eralized in the case of arbitrary field discontinuity at
the metal surface. One has to add to S£lnt a term analo-
gous to Eq. (11) with ΐ 0 instead of £0 and with θ(-χ)
instead of θ(χ), and the expressions for the wave func-
tions have to be modified by suitable factors.

The solutions of the SchrSdinger equation in the re-
gions x<0 and x>0 are obtained in Ref. 24 and these
solutions are matched at the metal-vacuum interface.
The matching condition represents an infinite system of
transcendental equations, whose general solution is
quite difficult to obtain. However, an analysis shows
that if the field intensity satisfies the conditions

(12)
256ω· | ^ *'

the system of equations can be simplified and its approx-
imate solution can be found. Details of fairly cumber-
some calculations are given in Ref. 24. We note that
even after simplifications the calculation of the inte-
gral (7) is fairly difficult and it is carried out in Ref.
24 using the theorem on averages. The final result for
zero cathode temperature is

where

*·5

The general appearance of Eq. (13) resembles the
formulas obtained using the perturbation theory. How-
ever, there is an important difference: Eq. (13) in-
cludes the depth of the potential well V, which is mea-
sured not from the vacuum level but from the average
energy of electron oscillations in the wave field gj;/4 ω2.
The dependence of the emission current on the illumina-
tion intensity is a power law. However, the power ex-
ponent depends weakly on the illumination intensity.

The conditions (12) used in the derivation of Eq. (13)
are satisfied if

The parameter y on the left-hand side of the inequality
has a simple meaning115'503: it is equal to the ratio of
the frequency of light to the tunneling frequency and the
latter is equal to the reciprocal of the time taken by an
electron to tunnel across the potential barrier. The
values γ «1 correspond to that range of light frequen-
cies and field intensities in which the tunnel transition
occurs in a time much shorter than the field period.
In this limit the current is described by the well-known
formulas for the emission in a static electric field.C71]

According to Refs. 15 and 50, the perturbation theory
should correspond to the opposite limiting case y » l .
An analysis1243 shows, however, that in the case of pho-
toelectric emission of higher orders η the condition of
validity of the perturbation theory is much more strin-
gent: y»n. It is demonstrated in Ref. 24 that in the
intermediate range \<y<n the slope of the lux-ampere
characteristic d(ln;)/d(ln/) becomes less than at low
intensities, where the perturbation theory is valid.
This result is in qualitative agreement with the experi-
mental data; however, the measured field intensity at
which deviations from the perturbation theory are ob-
served differs by about an order of magnitude from the
theoretical estimate. A probable reason for this dis-
crepancy is the fact that the Coulomb interaction of the
emitted electrons with the surface of the metal is not
allowed for in Ref. 24. The Coulomb corrections are
included in a different solution method in Ref. 23. The
same effect in an analogous problem of many-photon
ionization of atoms is considered in Refs. 72 and 73
(for the review see Ref. 62). The methods used in these
investigations do not provide rigorous quantitative re-
sults in the range of field intensities of practical inter-
est. However, it is clear that allowance for the Cou-
lomb interaction increases the size of the spatial region
in which the potential gradient differs from zero and the
photoionization probability increases. This reduces the
critical field intensity at which the degree of nonlineari-
ty of the process changes. These conclusions are in
qualitative agreement with the experimental results of
studies of many-photon ionization of atoms and of the
nonlinear photoelectric emission of electrons from the
surfaces of metals under the action of laser radiation.
However, the problem has not yet been solved quantita-
tively.

C. Influence of cathode heating on photocurrent

characteristics

The thermal effects are allowed for automatically if
averaging in Eq. (7) is made using the cathode tempera-
ture, which depends on the illumination conditions. This
temperature can be found by solving the problem of heat
conduction in a metal heated by a laser pulse. This
problem is discussed in detail in Refs. 8 and 30. We
shall consider the most interesting case of the interac-
tion of picosecond laser pulses with a metal.

The absorption of light in a metal results directly in
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an increase in the electron energy; the lattice heating
is due to the relatively slow relaxation process whose
dynamics can be described conveniently in terms of the
Cerenkov emission of phonons by nonequilibrium elec-
trons.1 7 4 1 The characteristic time representing the lat-
tice heating by exchange of energy with electrons is of
the order of 10'10 sec. In the case of shorter laser
pulses the lattice heating is negligible during a pulse.
Bearing in mind that at temperatures much lower than
the Fermi energy the specific heat of the electron sub-
system is small, we can readily see that electrons ab-
sorb energy and are heated in a very short time to some
quasisteady temperature governed by the balance be-
tween the power received from an optical wave and the
power dissipated in the form of Cerenkov emission of
phonons and flow of heat into the metal. Thus, the tem-
perature of the electron subsystem obeys the equation

(14)

where a is the coefficient representing heat exchange
between the electrons and the lattice; according to Ref.
74, this coefficient is 10" erg · cm"3 · sec"1 · deg"1. It
follows from Eq. (14) that the temperature of the surface
is

Μ.
ιο

0.5 t.0 '•5 Ijl

FIG. 33. Dependences of the nonlinearity order on the illu-
mination intensity (Au, neodymium laser).

zero cathode temperature the minimum number of pho-
tons necessary to knock out an electron is n0. Heating
of the cathode produces electrons with energies above
the Fermi level, so that emission can now take place
as a result of absorption of fewer than n0 photons. We
can easily see that the order of magnitude of the ratio
of the η-photon and ( n - l)-photon currents is

where

(15)

The important point is that, because of the small specif-
ic heat of electrons, their temperature follows instan-
taneously the laser radiation intensity and, therefore,
thermionic emission suffers practically no delay rela-
tive to the laser pulse. In fact,· the electron specific
heat is finite and some delay, of the order of ce/a~ (c,/
a)kTe/Ef ~ 10"12 sec, does take place. A more rigorous
calculation of the electron temperature and the thermi-
onic emission can be found in Ref. 21. It follows from
this calculation that in the case of laser pulses whose
duration range is from a few picoseconds to a few tens
of picoseconds the electron temperature can be regard-
ed quite accurately as a function of the instantaneous
laser radiation intensity, so that we can speak of the
usual lux-ampere characteristic when the photocathode
is heated significantly. (In general, when the tempera-
ture is delayed relative to the laser pulse, we can speak
only of the dependence of the total emitted charge on the
laser pulse parameters.)

We shall now consider how the cathode heating affects
the lux-ampere characteristic. Let us assume that at

FIG. 32. Dependences of the
various components of the emis-
sion current on the illumination
intensity (Au, neodymium laser).

Λ ω/ο 10-6ω
·2·10-"ω3

and To denotes the initial cathode temperature. The
above formulas are derived from Eq. (15). The total
current is

where Ρ(ξ) is a polynomial of degree n0. A calculation
of the nonlinearity coefficient of the total current,

0.5 1.0 1.5 Uj Γ

readily shows that at low intensities /</o//i the correc-
tion δ(/) due to thermal effects is negative,, which is in
agreement with the experimental results.1111 At I~l\/Ix

the correction 6(1) changes its sign and remains posi-
tive right up to intensities of the order of lx. Thus, the
observed slope of the lux-ampere characteristic depends
in a fairly complex manner on the illumination intensity.

These estimates demonstrate that a rigorous allow-
ance for thermal effects in many-photon emission is
necessary. Calculations making this allowance are re-
ported in Ref. 22. The partial currents considered as
a function of the electron quasimomentum and repre-
senting the absorption of w0, n 0 - 1, etc. photons are
calculated by numerical methods using the Silin mod-
el.1241 Next, the results are averaged over a Fermi
distribution with a temperature which is a function of
the laser intensity.£8U The results of a calculation for
Au and neodymium laser radiation (no= 5) are presented
in Figs. 32 and 33. Figure 32 gives the dependences of
the averaged partial currents from η = 1 to 5 on the il-
lumination intensity. The curves are calculated for two
values of the initial temperature and the cathode reflec-
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FIG. 34. Dependences of the
photocurrent on the photon
energy for different illumi-
nation intensities (W/cm2):
1) 109; 2) 4X1010; 3) 7X1010;
4) 10". Silver cathode; cal-
culations based on the per-
turbation theory.

fiw.eV

tion coefficient R = 0.99. The dependence of the nonlin-
earity coefficient of the total current on the laser radia-
tion intensity is plotted in Fig. 33. It follows from the
calculations of Ref. 22 that in the range of intensities
considered the correction δ(/) is positive. When the
intensities are of the order of 15 GW/cm2, the main
five-photon current has to be supplemented by the four-
photon contribution, which rapidly rises with the inten-
sity. At I~ 40 GW/cm2 the contributions of all transi-
tions with η « 4 become of the same order of magnitude.
The contribution of the current j e is then negligibly
small.

A similar calculation of the lux-ampere characteris-
tic of silver for neodymium laser radiation is given in
Ref. 70. The current densities are calculated as a func-
tion of the electron quasimomentum using the perturba-
tion theory developed in Ref. 70. Next, the results are
averaged over an energy distribution of electrons with
a temperature calculated in Ref. 21. The results are
represented by the continuous curve in Fig. 31. For
comparison, this figure includes the characteristic of
the five-photon emission (dashed line). The dependence
of the photocurrent on the laser radiation frequency (Fig.
34) is also calculated in Ref. 70. This calculation is
carried out for a silver photocathode. We can see that
the dependence of the emission current on the laser ra-
diation frequency is not monotonic. However, at high
intensities the cathode heating mixes currents of differ-
ent orders and this smooths out the frequency depend-
ence of the total current.

It is pointed out in Sec. 4 that a qualitative confirma-
tion of the above calculations is provided by the experi-
ments reported in Ref. 63, where it is found that the
nonlinearity coefficient is higher for pulses with an ir-
regular structure than for smooth pulses of the same
intensity. Since in the case of irregular pulses the in-
stantaneous values of the intensity may be considerably
higher than the average in a pulse, we can naturally ex-
pect stronger cathode heating than in the case of smooth
pulses and this may be the reason for the observed in-
crease in the nonlinearity.

However, this interpretation is not the only one possi-
ble. A different explanation of the results of Ref. 63 is
given in Ref. 75. According to Ref. 75, the emission
mechanism is of the two-stage type: initially the ab-
sorption of light excites surface plasmons in a metal;

then, plasmons interact with electrons producing an
emission current. Since the plasmon energy is higher
than the work function, the nonlinearity coefficient
should be higher than n0. Clearly, additional experi-
ments are needed to determine more reliably the mech-
anism of emission characterized by anomalously high
nonlinearity exponents.

D. Analysis of surface photoelectric effect based on
theory of threshold phenomena

An important task of the theory of nonlinear photo-
electric emission is to justify and find the limits of
validity of the phenomenological approach, which has
yielded a large number of important results. The cru-
cial question is to what degree the results of the phe-
nomenological treatment are related to the actual fea-
tures of a specific model. A fairly full answer to this
question can be found in a series of papers by Brodskii
and Gurevich which are presented in a monograph.1231

In the case of the linear photoelectric effect the same
question is tackled by different methods in Refs. 66
and 67. Since exhaustive information on the current
status of this problem can be found in Ref. 23, we shall
not consider details and give only the formulation of
the problem and the main results.

Photoelectric emission of electrons is considered in
Ref. 23 as the inelastic scattering of photons by a metal.
A general analysis of such scattering can be carried out
without invoking a specific model of the scatterer but
using the threshold approximation. The main assump-
tion underlying the threshold approximation is that the
final electron energy is small compared with the binding
energy of an electron in a metal. The emission current
can be calculated by finding the wave functions of the
final state. After isolation of the time factor, the co-
ordinate parts of these functions satisfy—at large dis-
tances x>x0 from the surface—the SchrOdinger equation

In the w-photon emission case, we have

jo2 = 2Et - p- . E, = Et + ma.

The potential V($) describes the Coulomb interaction of
the emitted electron with the surface, V(x)= (2ε*)"1,
and ε is the permittivity. This interaction can be ig-
nored for emission in an electrolyte. The known as-
ymptotic solutions of the above equation can be used
to calculate the current at large distances from the sur-
face:

) = />! Λ ρ c; =exp μ — 1 *

The factor Ι Λ I2, which occurs in the expression for
j(p), is governed by the interaction of an electron with
a light wave in a surface layer, where the potential
gradient is high, and it cannot be found in its general
form. If we adopt the model of free electrons in a po-
tential well of depth Vo, we find that a calculation114'611

gives Ι Λ(1) Ι2= 2EF ${/ω* for the one-photon surface ef-
fect. When a large number of photons is absorbed, the
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perturbation theory gives an order-of-magnitude esti-
mate Ι ΛΐΒ) | 2 ~ ΙΛ(1) l*( El/ω3)"-1. Using this expression
and averaging the current over the electron energy dis-
tribution, we obtain the following formula for the n-
photon emission current (dimensionless variables):

where

σ = *τ· Ρ = — 5 — ·

In the limit of low temperatures we find that in the case
of emission in vacuum,

O i
η ω < ω,),

ηω>ω<>.

In the case of emission in a dielectric, the expression
for the current depends on the parameter β. In the
immediate vicinity of the threshold, when β «1, we ob-
tain the same result as for the emission in vacuum.
However, if ε is sufficiently high, we can have the case
β »1, when the image forces do not affect the electron
motion. The result is then

In-
: ) Ρ(ηω-ω 0 ) ν 2 (ηω>ω0).

This formula was confirmed by investigations of photo-
electric emission in electrolytes.

E. Comments on the bulk nonlinear photoelectric effect

So far our discussion has been concerned mainly with
the surface photoelectric effect in which the absorption
of light is limited by the potential gradient in the sur-
face layer. Another reason for the absorption of light
in metals is the scattering of electrons by phonons and
impurities in the bulk. This mechanism may be re-
sponsible for the bulk photoelectric effect. The consid-
erable physical differences between the surface and
bulk effects were pointed out by Tamm and Shubin."63

The nature of absorption is usually found experimen-
tally from the polarization dependence of the photocur-
rent. Measurements of the nonlinear photoelectric
emission (Sees. 2 and 4) show that for w = 3 and η = 5 the
photoelectric emission is of surface type. On the other
hand, the results in Ref. 34 suggest that the two-photon
effect in sodium is of bulk nature. The experiments de-
scribed in Refs. 42-45 suggest bulk nature of the two-
photon emission in an electrolyte solution. A consid-
erable bulk component is also characteristic of the one-
photon emission (see Refs. 37 and 77). Clearly, one of
the reasons for the absence of the bulk component in the
photoelectric emission with high degrees of nonlinearity
is that the thickness of the layer in the metal in which
the field intensity is sufficient for the generation of a
significant photocurrent is η times smaller in the case
of the η-photon process than in the one-photon case.

In the linear case the experimental data on the bulk

photoelectric effect are in good agreement with the phe-
nomenological theory of Spicer et aZ.,"7·4 8'4" which
treats emission as a sequence of three processes: op-
tical excitation of electrons in the bulk of a metal, mo-
tion of some of the excited electrons to the surface, and
subsequent overcoming of the surface barrier. In the
simplest case the scattering of electrons in the bulk and
their reflection from the surface are allowed for by in-
troducing an effective depth of electron emission. In
some cases (see, for example, Refs. 78 and 79), the
motion of an excited electron toward the surface is con-
sidered in greater detail using the random walk model.

An obvious shortcoming of the theory of Ref. 37 is the
division of the emission event into three separate stages,
of which only the first is treated as a quantum transition.
The validity of this division is not self-evident and this
is the basis of the criticism of the Spicer model in Ref.
80. Comments on the validity of the model of Ref. 37
can also be found in Ref. 81.

An attempt to use the three-stage model in developing
the theory of the bulk two-photon effect is made in Refs.
34 and 36. However, the probability of two-photon ab-
sorption transitions in a metal is not calculated and,
therefore, the relationships found there cannot be com-
pared directly with the experimental data.

The matrix elements of the transition are calculated
by Brodskii and Tsarevskii,wn who consider the prob-
lem of photoelectric emission from an isolated center
with a spherically symmetric potential and then gener-
alize this result to the model of a metal in which the
wave functions for the bulk of the metal are governed by
spherically symmetric potentials of the ionic cores in
each cell. We shall not consider the details of this cal-
culation (the reader is referred to Ref. 81) but we shall
give the most important results. It is pointed out above
that the ratio of the partial currents corresponding to
the absorption of η and η - 1 photons at Τ = 0 is of the
order of magnitude of the perturbation theory parameter
Δ/βω~β2 g2/mffw3. In the case of the bulk photoelectric
effect the ratio Jz/Ji is estimated to be

h

!JKWi2l
dr

where V(r) is the potential of the ionic core and the bar
denotes averaging over a unit cell. Usually the expres-
sion in brackets amounts to a few tens so that the rela-
tive probability of the two-photon bulk photoelectric ef-
fect is considerably higher than that of the surface ef-
fect. This result is in agreement with the experimental
data on the emission in an electrolyte solution,t43] where
a direct measurement was made of the ratio of the two-
and one-photon currents. The dependence of the bulk
photocurrent on the angles of incidence and polarization
of light is governed by the energy band structure of the
metal. In the case of a metal with an s band and polar-
ization of light in the place of incidence (p polarization),
the angular dependence is
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where ζ is the angle of transmission of light in the metal
related to the angle of incidence by the Fresnel formu-
las t l 9 f 8 2 J ; v= 2 for the emission in vacuum and v= 5/2 for
the emission in an electrolyte. In the case of light po-
larized at right-angles to the plane of incidence (s po-
larization) the one-photon emission current is independ-
ent of the angle. The above formulas apply to the
threshold range of energies \ηω- ωο| « ω 0 . It follows
from these formulas that the bulk photocurrent should
exhibit a polarization dependence as strong as the sur-
face photocurrent.

We should also mention that, according to Ref. 81,
for normal incidence of light the quadratic Fowler law
for the emission in vacuum should change to the cubic
form. The deviation from the Fowler law for the photo-
electric emission from copper single crystals'8 3 3 may
be regarded as confirmation of this theoretical predic-
tion.

In the case of metals with a complex energy band
structure, in which the initial state of an electron cor-
responds to a nonzero orbital momentum, the angular
dependence of the two-photon current in the case of p
polarization of the incident wave is given by

; 2 ; , ~ (2ω — (ι)0)
ν (α sin4 ζ -+- b sin2 ζ cos2 ζ + c cos4 ζ),

where the constants a, b, and c may be of the same or-
der of magnitude so that—in contrast to the surface pho-
toelectric effect—the photocurrent resulting from the
normal incidence of light may be comparable with that
generated by light which is obliquely incident.

Thus, the existing theoretical models of the nonlinear
photoelectric effect explain satisfactorily the experi-
mental data. A very considerable progress has been
made in the understanding of the photoelectric effect in
strong optical fields. However, some fine details of
this effect, particularly the dependence of the emission
current on the frequency of light in a nonthreshold pho-
tomultiplier, as well as the relationship the angular and
polarization dependences of this current to the energy
band structure of the metal, require further theoretical
and experimental studies. The current status of the
theory and experiment makes it possible to give a quan-
titative description of the main features of the many-
photon emission of electrons.

The authors are deeply grateful to S. D. Babenko, J.
Bergou, A. M. Brodskii, N. B. Delone, N. A. Inoga-
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