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1. INTRODUCTION

IN recent years there has been a renewal of interest
in the photoemissive effect, the emission of electrons
by matter into the vacuum or into other matter under
the influence of electromagnetic radiation. The revival
of interest in the photoemissive effect has been caused
by the development of methods of generating powerful
coherent electromagnetic radiation, resulting in the ap-
pearance of new intensive light sources. Owing to the
emergence of the powerful light sources, a number of
new experiments have been set up in recent years to
observe single-quantum photoemission on metal-dielec-
tric and metal-semiconductor boundaries with the aim
of investigating the size and structure of the potential
barrier (see, for example, [ ~®1), Experiments have
been started on the boundary between a metal and an
electrolyte solution.!®”®) Peculiarities in the structure
of the boundary dividing the metal and electrolyte make
it possible, applying a small potential difference, to
change substantially the properties of the surface and
its photoemissive characteristics. This opens up the
possibility of using the photoemissive effect to obtain
important information on the properties of the inter-
faces and absorption layers. On the other hand, the
emergence of powerful light sources permits us to study
the multiquantum photoemissive effect experimentally.
This has an important theoretical significance.

In the present article we give a survey of work car-
ried out in recent years which has been devoted to the
theoretical and experimental study of the multiquantum
photoemissive effect. The elemental event in the multi-
quantum photoemissive effect in metals in the visible
and ultraviolet regions of the spectrum results from
absorption of photons by conduction electrons; in semi-
conductors and dielectrics the determining factor is the
excitation of electrons from bound states, from a va-
lence band, and from defects or surface states. This
leads to an essential difference between the photoemis-
sion properties of metals and those of semiconductors
or dielectrics. In the following, therefore, we consider
papers on the multiquantum photoemissive effect in
metals and dielectrics separately (Sees. 2 and 3).

The authors of '®! on an experimental investigation
of the multiquantum photoemissive effect discovered
that the values of the probability of a two-photon transi-
tion in coherent and incoherent light beams of equal in-
tensity and spectral composition were different. In
view of the theoretical importance of this effect we con-
sider this range of questions in detail in Sec. 4 of the
survey,

Among the papers on the multiquantum effect, we
should also include, strictly speaking, papers on the
multiphoton ionization of separate atoms or molecules

in gases and papers on the corresponding multiquantum
photonuclear reactions. Such work, however, is not con-
sidered below. We thus limit ourselves to consideration
of the multiquantum photoemissive effect in condensed
media.

Papers published up to 1 January 1969 have been
taken into consideration in the survey.

2. THE MULTIQUANTUM PHOTOEMISSIVE EFFECT
IN METALS

2.1. Theory

The laws of conservation of energy and momentum
exclude the possibility of absorption of a photon by a
free electron. The absorption of photons by conduction
electrons in a metal may occur, therefore, either in a
surface layer, where the abrupt change in the potential
and the exponential falling off of the electron wave func-
tion outside the metal render the conduction electrons
bound, or inside the metal, where phonons or impurities
act as third bodies in the interaction of the electrons
and photons. Accordingly the photoemissive effect in
metals may be a surface or volume effect. The surface
photoeffect is dominant for light frequencies less than
the ultraviolet transmission threshold w* of the metal;
the photon energy corresponding to w* amounts to 8—
10 eV.0!% 1 In most of the theoretical papers devoted
to the calculation of the multiquantum photocurrent in
metals, it is the surface photoeffect that is considered.
Clearly, in the first stage of the study of the question
this is natural, since the photon energies of the optical
quantum generators {lasers) used at present for the ac-
tivation of the multiquantum photoeffect do not, as a
rule, exceed 3.5 eV.

The problem of calculating the multiquantum photo-
current can be set in the following way. A plane mono-
chromatic wave of frequency w such that

1< _h% <n, (2.1)
where x is the work function of the metal, h is
Planck’s constant, and n is an integer greater than
unity (the order of the photoeffect), impinges on the
plane separation boundary, coinciding with the yz co-
ordinate plane, of the metal and the medium. Assuming
a definite model for the potential field in which the con-
duction electrons in the metal move, we want to find
the photoelectron emission current into the vacuum or
into another substance. This problem can be decom-
posed into two parts. In the first of these the x-compo-
nent of the partial electron current density must be de-
termined for x — « (the metal occupies the half-space
x<0)
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o= b (YUY T — o A, 2.2)
where A is the vector potential of the wave (below, the
Coulomb gauge is chosen everywhere for the potentials:
div A = ¢ = 0). For this it is necessary to solve the
wave equation for the system ‘‘electron in the metal

+ electromagnetic radiation.”” The Hamiltonian of such
a system may be represented in the form

(gg;'_——_ggo—‘—(?jgp (2.3)

where

o= o+ For = 02V (1) + S,
f(:r is the Hamiltonian of the free radiation field, and 3¢;
is the electron-photon interaction Hamiltonian,

The function ¥ in (2.2) satisfies the Schrédinger
equation

in 20 = sigy. (2.4)

In the second part of the problem the value of the
photocurrent is calculated by integrating the expression
(2.2) over the momenta of the emitted electrons and
over all the electron states in the metal.

The various theoretical papers on the surface photo-
emissive effect differ amongst themselves essentially
by their different approaches to the solution of the
first part of the problem of calculating the photocur-
rent.

We shall consider first the simplest case, that of the
two-quantum photoeffect, n = 2 (cf. (2.1)). The possibil-
ity of observing a two-quantum surface photoeffect was
first discussed in a paper by R. Makinson and M. Buck-
ingham,"*?! in which an estimate was made of the order
of magnitude of the two-quantum photocurrent without
specification of the form of the potential barrier on the
metal-vacuum boundary.

The first paper in which the surface two-quantum
photoeffect was analyzed in detail is, apparently, the
paper by R. Smith.! ™! We represent the Hamiltonian
in the form (cf., e.g., {'?)

h2 ihe e

3 —5—V2+V{z, y, 2)+ —AV+

2m me 2me?

Az, (2.5)

Introducing the dimensionless quantities!**}

P Ve S VO VL

Ao nme Ao

A 14 eA (2'6)
LN A —

V2 me mc? VZ

we write Eq. (2.4) in the form (the primes are omitted
in the following)

VW i 2P 2iG v+ Gy

- (2.7
We seek the solution of Eq. (2.7) in the form of a per-
turbation theory series

n=--00

b= X yp(m)eiinan,

n=—o00

(2.8)
where @ is a dimensionless constant corresponding to
the electron energy when A = 0. Let

G = Keiol 1 Me—iot| (2.9)
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where K = M. Putting (2.8) and (2.9) into (2.7) and
equating to zero the coefficients in the terms of the
form exp i(x + kw)t, we find
[V2— W — (& + ko) -—2KM] § (k) — 2iKVy (k— 1)
— 2iIMV (k+ 1) — M2y (k+2) — K2 (k—2)=0.  (2.10)
We assume that ¢(n) is of order |G| ; then, when

terms of higher than first order are neglected,
Eq. (2.10) gives

(V2P W —(a— )] § (—1)— 2iM¥y (0) = 0, (2.11)
(VE—W —a] §(0) =0, (2.12)
[Ve—W —(a+w)] § (1)— 2iKTVj (0) =0. (2.13)

We note that the function (1) corresponds to an energy
level of energy fiw less than that of the initial state;
¥(—1) corresponds to a level of energy fiw greater than
that of the initial state, and the function ¥(0) corre-
sponds to the state in the absence of the electromagnetic
field.

We write the vector potential of the monochromatic
wave impinging on the metal boundary in the form

A =24, cos (o —kr) == 24, cos (0t + kz cos 8 -+ kysin 0), (2.14)
i.e.,

(2.15)

K =G (0) ¢itxcos 8+y sin 0/ V' 2,

where

LI (2.16)

CO=ravs

The wave vector k of the wave lies in the xy plane
and makes an angle 9 with the normal to the metal
boundary. We assume that the wavelength of the radia-
tion is significantly greater than that of the electron.
This approximation corresponds essentially to neglect-
ing the photon momentum in comparison with the Fermi
momentum of the electron, which we can certainly do,
since the former is two to three orders smaller than
the latter.

Neglecting, by virtue of the above argument, the
spatial dependence of the vector potential, we find an
equation of second order for the function y(—2):

V23— W — (2 —20)] ${—2) = 2iG (0) V§(—1) +-G2 (0) 4 (0). (2.17)
Let the field V(x,y, z) be a ‘‘potential box:’’

V=0, >0, (2.18)
V= —tho,, z <0, :
i.e.,
W =0, x>0,
W= —Wa=—220 20
Then the solution of (2.17) when x — « is
P (—2)sereo = seV257Y Z (2.19)

where
Y = eiﬁyy+e—iﬂyy'
p=VW,—a,
V2= V'—(TTZT),

Z = et P,
B* = Bx+ By -+ Bl
'\’: = Y%x‘f' By + B3

and s is a constant determined from the boundary con-
ditions. We note that v, is a real quantity.
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We calculate the current density of a single electron
when X — «, To this end, we notice that we may neglect
the last term in expression (2.2), since it corresponds to
to the current caused by an electron oscillating in the
radiation field; this current therefore makes no contri-
bution to the total current. From (2.2) we find an ex-
pression for the x-component of the partial current
density.

o= — g P VH—4TY*), (2.20)
where ¢ = je|fi/m.
Putting (2.19) into (2.20) and averaging over the var-

iables y and z we obtain*’

- ss¥
jox= —SC'sz ng‘ ’

or
Jox=—128p|a P R(B,), (2.21)
where
LW,
R
and

B (B2 + 20 —Wy) '/
40— W+ 2BL+2 [(20+B2) (20— Wo 4 B2)] 12

X {3 Wat0+21(0+B) (2o B -2 (W —B2) (Wa—o0—BYI2 } .

R(fs) =

Associating the electron density in the metal, and there-
by the Fermi-Dirac distribution, with the quantlty IaI
we find

2dB.df,df.

(ﬁ2§$;) 2]} i

(pp*)=8lalr= 7
8n3 11+expl:

Here Wy = €/mc® is the dimensionless Fermi energy.
If T =0, then for the two-quantum photocurrent den-
sity we have the expression
fa= — 2 R () dB.ap,ab., (2.22)
when B3 + B3 + B < Wg, and j, = 0 if Bg + 85 + B,
> Wg. Integrating over By and By in (2.22) we find
that
Vg
== § BRI s,
00r Vw, 20

(2.23)

where the lower limit is equal to zero if W, <2 w.
Finally the relation (2.23) may be written in the
form

lefe

jom [ 4:1;::\70 +(3n2ne)2/3] o

T BBnTm2h?
. Wi
<% 0 w—1—araop (2.24)
0 O (u—2mi/2
where
=t gy Ve g, W
'—“.l/goy Tl*‘a)Ty W=-—=, @g=Wa Fo

*For the function R(Sx) we adduce here an amended expression
from the subsequent papers of other authors [ #]-[19].
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2y = —‘i’%—dimensional angular frequency
- W —Ya—%r_dimensional threshold frequency

(2.25)

Fx = F sin 8 is the component of the electric field in-
tensity of the impinging electromagnetic wave,*’ ng is
the electron density in the metal, and € g = (ﬁ 2/9m)
x (37°ng)?/? (to derive the function f(A, 4, 7) we must
substitute (2.25) in the expression for R(8y)).

The integration of expression (2.24) for a specific
metal may be carried out numerically. As an example
we consider sodium:‘'"}

x=Ve—Er=2.28€V &,=3.12 eV,

i.e., V5 =5.40 €V and u = Vy/x = 2.36. If the wave-

length of the radiation is 7000 &, then 7 = 0.82. The
numerical value of the integral in expression (2.24) un-
der such conditions is 0.11. For the total density of the
two-quantum photocurrent from the surface of sodium
we have the expression

(2.26)
10® V/m, then

|72|=178-10-1F% A Jem?

where Fx is expressed in V/m, If Fx =
lja] = 10% A /em?®,

Analogous calculations were performed later in the
papers.t'® %1 In the paper by M. E. Marinchuk,’ %} an
expression was obtained in addition for the distribution
function of the photoelectrons as a function of their to-
tal energies. On the basis of G. Fan’s paper!*! on the
single-quantum photoeffect, Bloch® **! calculated the
value of the two-quantum photon current caused by di-
rect transitions between bands, using a model with a
spherical Fermi surface for the metals,

To determine the partial electron current we may
also make use of the Green function method and the for~
mal theory of scattering, as was done in the paper by
I. Adawi.!'7 In this the Hamiltonian of the free radia-
tion field is written in the form

@0(6);- = Zﬂ} &Eéﬁhﬁ)ﬂ, (2.27)

where a4 and 435 are creation and annihilation operators

for the radiation oscillator 8 with angular frequency wg

(ﬁﬂéfg —8jag = 1). The electron-photon interaction Ham-

iltonian may be represented in the form

=i 5 (2) P eqm) ap o = D vodsD,  (2.28)
8 B

where eg is the unit polarization vector parallel to Ag,

n is the unit vector in the direction of the x axis,

D = 3/3% and

eh (2nh)1/2 en

ve=t e

The radiation field is quantized in unit volume,

In the initial state let an electron be in the state &,
so that Scefb = E,®, and all the occupation numbers of
the radiation oscﬂlators, apart from n, are equal to
zero, It is convenient to write the wave function of the

*We note that the photoeffect occurs only when the wave is polar-
ized in the plane of incidence. The field component along the surface
of the metal makes no contribution to the photoeffect probability,
since in transverse motion the electrons behave as if they were free
electrons.
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initial state in the form
=|ng, D),
and the initial energy in the form
&= Eo+ nghog.

The final state 3 * (for the outgoing wave) is the solution
of the scattering equation

P+ = ng, D)= 1 R (2.29)

Eo— FHot-ie
We represent ¥ * in the form

V= o+ Py + Y, (2.30)
where
b =yamp |ng—1, O, s = yhlng (rp— 11V np—2, Dy).
Substituting (2.30) in (2.29) we find
®, =G DDy, (2.31)
Gy =G, DG, DDy, (2.32)

where G, and éz are the Green functions:
3 1
Ci= Ey+ hmﬁ—vﬁ‘e+zs ! (2.33)
1
Ey+2hog—Fot-ie
From (2 33) and (2.34) it follows that

G, = (2.34)

C.D = GCDE,—&te+ 18]G =G [ —V' + (Er— He+ig) DG,

=BG, —G VG, (r=1,2), (2.35)
where V' = :?Cef) - ﬁ;ce is the force acting on the elec-
tron.

Using the commutation relations (2.35) we may ex-
press the amplitude of the outgoing electron wave in the
form of a series that includes both the effect of the po-
tential and the effect of the force (the rate of change of
the potential). In t*! , the following examples of poten-
tial distribution V(x) are considered:

—Va, z<<0,
V(z):{ 0, 250 (2.36)
—Va r< —a,
V@ —] =(z—a) |z]<a, (2.37)
0, z>a,
—V,, lz|<a,
V(a.):{ . e (2.38)
Vo(—2a—2), T << —2a,
V(x)= {——Va. —2a<z <0, (2.39)
Vy(a), z>0.

The results of Adawit®! for the potential distribution
(2.36) coincide, of course, with those of Smith! '*! (after
correction of unfortunate errors in some formulas in
the latter paper). The author made numerical estimates
for ordinary metals; if ng ~ ~10® cm™ and g~ 2m
x 10° A& then |j,| ~107% A/em?
In the papers 1% 15,16, 181 congidered above, the basic
technique for calculating the value of the multiquantum
photocurrent is perturbation theory (the methods of the
stationary theory of scattering, used in the work of
Adawi, are equivalent to perturbation theory). However,
application of perturbation theory can be relied upon to
be successful only when the two-quantum photoeffect is
considered. For larger values of n ~y /fiw the difficul-
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ties in the calculation increase to such an extent that
the use of perturbation theory becomes impracticable,
In connection w1th thls the paper by F. V. Bunkin
and M. V. Fedorov,' in which the value of the n-
quantum photocurrent is calculated without using per-
turbation theory, seems to be important.
For an electron moving in a potential box
—Va. x<<l,
vo-{7y" 2o
the wave functions have the form"?%!

ipx

er, >0,
+2mVy 1/2
Po(z)=ap b exp[ (fjh;‘)_]+
_ (2 omy /2
“‘bpexp[__l(%:]y 2 <0,
b (2.40)
eF, >0
; oy 172
e | g (22t
172
"Ff;exp[—ig%’]y 20,

where the numbers p define states of positive energy
(8p = = p?/2m) and the numbers k define states of nega-
tlve energy (€ = =k 2/2m); in this case

0<k<V2mV,.

The coefficients bp, by, fi and fg in (2.40) are deter-

mined from the boundary conditions when x = 0, while
ap and di are found from the normalization conditions

—o00 < p < o0,

+oo )
§ dewi =8(p—p)) + 200 (04 P,

—o0

e 2.41
{ asvtpe =008, ? @.41)
;‘"’ij mV, |
P gV ) v, J

In formula (2.40), for brevity, we have not written out
factors of the type

exp[ (P +p:2) |

corresponding to transverse motion of the electrons (it

is possible to trace directly which results will be ob-

tained by correctly taking such factors into account).
We write the interaction Hamiltonian in the form

‘sin 9 9
——sin of,

For= Az, A(t) = —
where F is the intensity of the electric field of the light
wave and 6 is the angle of incidence of the wave on the
surface of the metal. We seek the wave function of an
electron, which at the initial moment of time t = 0 is

in state Py in the form

W (2, ) =exp (5 5 ) Wit $dpC, (0 W, (2 1), €, (0)=0. (2.42)

For our \Ilp(x, t) we choose the orthonormal system of
functions®!!

i

Yaolo, t):wp{,w) exp [% S r '*A( ))2 j"rl] .

(2.43)
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The electron transition probability from the state g to
the state \Ilp in unit time is

c 2
m’ pt(l)l )

i (2.44)

1—o00
Integrating the expression (2.44) over the momenta of
the emitted electrons and over all electron states inside
the metal we can find the value of the photocurrent den-
sity:

1/2
mew3 2y1/2 4 e (1___1)
e @ 53/235/4 q Y 2 a2
4 322 T A S dq[(1+q2)l‘2] PD (*—vi)
Vr
>’JJ (qh)t/z 2 o o [(s_%)l ) ] A . g\ 172
< {(‘Y—q) (1+qﬂ)""1‘ } | Z T —q (S—‘?—/vq )
8=n
-2 _ q Ag3 §
X exp{ 2 [s (arshq TEOTE ) —+ T J } , (2.45)
where
1/2 1o
:(zmr;l (D’ YF:Q—mZF)x—mv X:Va'_gpy Fy=Fsinb,
702F§ 4 0 (z) = 1, =z>0,
T 2mhe® T heyi ' z)= 0, z<0,

o=t (3) +1].

and E denotes the integral part.
The function J(x) is defined as the integral

o0

J (@) =1lim S
e->U e

. ey .
(z—ig)2 (z—iz)l/% ~
We consider the limiting case yp >> 1, In this case the
sum over s in expression (2.45) may be restricted to
the first term. This gives

e2F%

be  mo? (ﬁ)lz exp (2n—AvEk) (W)n s

j:4—176—T (2.46)

where
6=E [ (3+vk) +1]—n (34v4) -

The expression (2.46) permits us to compute the cold
emission current caused by absorption of n quanta (n
~ )\yzF =x/Hw); for this, (2.46) is more accurate the
greater the value of n. The inapplicability of relation
(2.46) for small n is connected with the fact that the
condition yg >> 1 is not fulfilled simultaneously with
the condition for the applicability, in the time integra-
tion, of the method of steepest descents, on which, es-
sentially, the derivation of formula (2.45) rests. A
comparison of the estimated values of the emission
current found from formula (2.46) with the correspond-
ing values obtained in Smith’s paper'**’ shows, however,
that even for n = 2 the error is slight, Thulsg for exam-
ple, for sodium (x = 2.28 eV) with w = 3-10" sec™,
formula (2.46) gives |i,|~ 10™* Fx A/cm® (Fy is ex-
pressed in V/m). Smith’s formula (2.24) for just this
case leads to the value |j,| ~10™°F} A/cm® For
platinum (x = 6.2 eV), with w = 3- 105 sec™ (n = 4), on
the basis of (2.46) we obtain ]j,| ~ 107 Fy A/cm®,
which for Fy ~10° V/m corresponds to a ghotoemis-
sion current density of the order of 1 A/cm®

Thus it is clear from the above that in the theoreti-
cal study of the surface multiquantum photoeffect, as in
the study of the single-quantum photoeffect, on the basis

A, D. GLADUN and P. P, BARASHEV

of calculations of the photocurrent density, an expres-
sion is set which is essentially of the form

7= § Fox (B, pyp A [ 1 4 exp (E2 )]p (E, i) 8 (5%) dE dp,

where _jox(E, Py A) denotes the asymptotic value of the
x-component of the partial electron current density for
X — =, averaged over the surface of the metal, E is
the electron energy in the metal, p, = (py, Pz, & F

is the Fermi energy, p(E, p;) is the density distribution
function, 6(p?) is the theta-function, and p is the value of
of px far from the surface. As we have seen already,
the basic problem is the calculation of the quantity iox
x (B, p“,A). In the papers considered here, this quan-
tity is found from the solution of a quantum-mechanical
problem in which the ‘‘potential box’’ model is used to
describe the motion of the electrons in the metal. In the
paper by A. M. Brodskii and Yu. Ya. Gurevich!®? atten-
tion is drawn to the fact that methods of calculating
threshold production _phenomena[ 31 can be used to de-
termine the quantity j,x(E, p;,A). Such a treatment can
be carried through without referring to a specific form
of the potential barrier. The theory can also be ex-
tended to the surface photoeffect on a metal-electrolyte
solution boundary. The single-quantum photoeffect was
treated in {®? by this method. In another paper by the
same authorst®! an expression for the single-quantum
photocurrent density on the metal-electrolyte separa-
tion boundary is given without derivation:

2h2 ( o2

. n—1
In= Ao () n (r0—09, (2.47)

if fi (nw — wy) >> kT, where

Ay= % =120 A/cm® deg®
and w, =x/h is the photoelectric threshold and q)nNIn
(I is the radiation intensity).

We shall make a few observations concerning the na-
ture of the idealizations which lie at the basis of the
theoretical papers considered here. All the papers
start from the Sommerfeld model of a metal (a gas of
electrons, obeying Fermi-Dirac statistics, in a poten-
tial box). The problem is assumed to be nonrelativistic.
It is assumed that violation of thermodynamic equilib-
rium during the passage of the photocurrent may be
neglected. No attempt is made in any of the papers to
take account of reflection and refraction of the electro-
magnetic wave on the metal-vacuum boundary. Polari-
zation selectivity (a vector effect) of the multiquantum
photoeffect has, therefore, not been theoretically inves-
tigated either. The latter effect, as is well-known (see,
e.g., 1?°1), contains important features for the case of
single-quantum photoemission. A theory of the volume
multiquantum photoeffect in metals is also lacking,
Neither the paper by Bloch! *®? nor its refinement! *?
can be regarded as satisfactory in this respect.

2.2. Experiment

The experimental observation of the surface multi-
quantum photoeffect in metals is beset with a number of
difficulties of a methodological nature. The chief of
these is that the multiquantum photoeffect process,
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which is characterized by small quantum yield, may be
complicated by the occurrence of thermal emission
(see, e.g., L77"*1), It is clear that, to observe the sur-
face multiquantum photoeffect in metals, the experiment
should be set up so that the number of electrons (Ne)ph

appearing as a result of the multiquantum photoeffect
exceeds appreciably the number of electrons {Ng)¢, ap-
pearing above the target as a result of the heating up
caused by single-photon absorption of the radiation.
Fulfillment of the condition (Ne)ph >> (Ng)gp, may be

achieved by reducing the duration 7 of the pulse of ra- .,
diation and increasing its intensity I. In fact, if wyy de-
notes the probability of appearance of the thermoelec-
trons in unit time, and Wph denotes the corresponding

probability for the multiquantum photoeffect, then the
following relations hold for the total number of parti-
cles emitted during time 7

(Vog~ wdT (1, O} v,

Since the phenomenon of thermal emission of electrons,
along with absorption of radiation by the free electrons
of a metal, has an essentially one-photon character, re-
ducing 7 and increasing I allows us to make the ratio
B = (Ne)th/(Ne)ph ~ wip(l, y)/wph as small as we choose,
i.e., the point is reached where the multiquantum photo-
effect will play the fundamental role in the appearance
of free electrons over the surface of the metal, while
the contribution of the competing thermoemission proc-
ess will be negligibly small.

We shall estimate the critical duration 7., of the
radiation pulse and the corresponding critical radiation
intensity I,, at which the roles of the thermal and pho-
toelectron mechanisms in the appearance of free elec-
trons over the surface of the target are exchanged.!®!
The values of the quantities 7., and I, may be deter-
mined from the solution of the system of equations

(2.48)

where g is the threshold value of the charge emitted
from unit area of the target in the photoeffect process
(in the final analysis this value is determined by the
threshold of sensitivity of the charge detector); j, is
the current density of the n-quantum photoemission;

7 1is the duration of the radiation pulse of intensity I, in
the course of which thermal emission of charge Bqy,,
is observed. Here B is a constant characterizing the
degree of suppression of the thermal emission. The to-
tal charge q emitted during the time 7 for which the
radiation pulse acts may be found after integrating the
expression for the thermal emission current density
over time from zero to 7 with the condition that a tem-
perature

(N, )pn~ wpyt ~ I"t.

t=tl), Fald)T=Gne,

t—r) /1 ty1:2

P ML ()
is realized on the surface of the sample. Here « and
a are respectively the coefficients of thermal conduc-
tivity and thermal diffusivity, r is the coefficient of
reflection and t is the time elapsed after the initial mo-
ment of action of the light pulse. Calculations show that
for the quantity gq the correct expression is

o)
a2 () | ]

495

where

4,=28m _ 120 A/em® deg®
The expression (2.49) enables us to determine the
function Ty,(I) if we substitute into it the quantity Sqyp,
in place of q and the quantity 74, in place of 7 and
solve the resulting equation for 74, To estimate the
photocurrent density we must make use of formula
(2.46) which may be written in the more convenient
form (n = 3)
2n

jn (D) =279"B L% 12 (28)™, (2.50)
where B is a dimensionless quantity of order unity and
wi = e’ Fz/mx = 87’1/ mcy. Substituting the functions
T¢h(D) and ju(I) in the initial system of equations (2.48)
and eliminating the quantity I from them, we can obtain
the following equation for an estimate of the pulse dura-
tion Tept

2

1 -

P emw \n—<
OTey =N g thr

X {Wﬁ_” (%01)1/2 [an+ 5"2:6 ln(mrc,)]_l}ﬁ, (2.51)

where Z is defined by the expression

mew? (1—r) ]3 9 theh ) 3/n
2y ( emw *

7 16agky? (L)m

ﬂ2n3r2naﬂqﬂ“ T

The critical intensity I, corresponding to the pulse
duration 7.p is then equal to

I, = (2.52)

i/2n emw

mem?y, (Qt}uh ) t/n 1
aen (

‘“Tcr)i/"‘

If the radiation pulse parameters satisfy the condi-
tions 7 < 7., and I2 I;p, then it becomes possible to
observe the multiquantum photoeffect against a back-
ground of thermal emission, since the number of elec-
trons appearing over the surface of the target as a re-
sult of its being heated up does not exceed a fixed frac-
tion (B/(1 + B)) of the total number of emitted particles.
Numerical estimates of the threshold quantities 7.
and I, for a target of gold (x = 4.8 eV, « = 0.7 cal/
em’ sec' deg’, a = 1.2 cm*/sec’, r = 0.9) irradiated
by a light pulse from a ruby laser (n = 3, iw = 1.78 eV)
leads to the values 7., = 10™° sec and Icp = 10° W/em™
when 8 = 107 and q¢hy = 107"° Coul/cm? The laser
radiation pulse parameters used in ¢ *2%'1  where the
three -quantum photoeffect from the surface of gold was
studied, are in satisfactory agreement with the esti-
mates given above.

Although the experimental setups used by authors in
observation and study of the multiquantum photoemis-
sive effect differ slightly in details, they are on the
whole similar to each other, regardless of whether the
photoeffect being studied is in metals, dielectrics, or
semiconductors. Figure 1 depicts a schematic diagram
of an experimental arrangement for observing the mul-
tiquantum photoemissive effect from the surface of ir-
radiated solids. As a rule a laser serves as the radia-
tion source since the current density of the light should,
in this case, exceed the value I ~ 10?® photons /cm?®
- sec’, Only then is it possible to observe processes of
second (and higher) order, such as the multiquantum

2
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to measuring circuit \l/

FIG. 1. Schematic diagram of the experimental setup for observation
of the surface multiquantum photoeffect: 1 — intense radiation source
~laser; 2 — calibrated PM recording the pulse parameters of the laser
radiation; 3 — vacuum vessel with a target and an electron detector
(often the target is prepared in the form of a photocathode PM); F —
light filter eliminating the radiation from the laser pump lamp; A; and
A, — calibrated light flux attenuators; B — light beam divider. The
lenses and slits are not shown in the diagram. On the right are typical
oscillograms for the laser radiation pulses (above) and the photocurrent
(below).

photoemissive effect. To detect the electrons emitted
from the surface of the target, either an electron multi-
plier or a collector placed in immediate proximity with
the surface of the sample is used. Sometimes the target
is prepared in the form of the photocathode of a photo-
multiplier (PM). The parameter of the laser radiation
pulse and of the emission current pulse are measured
by means of a carefully calibrated detection system,;

the duration of the emission current pulse is, as a rule,
less than the duration of the laser radiation pulse (see
Fig. 1) and this furnishes evidence of the photoelectron
nature of the emission current. A set of calibrated re-
ducers for the light beam enables us to plot the depend-
ence of the emission current J on the light flux inten-
sity I and thus to evaluate the contribution of the multi-
quantum photoeffect to the measured value of the emis-
sion current.

A preliminary report of the first observation of the
multiquantum (two-photon) photoemissive effect from
the surface of a metal (sodium) is given in {**!, The re-
sults of a more thorough investigation were published
by the authors later.t?®! As a radiation source they
used a gallium arsenide semiconductor injection laser,
operating at a temperature of 77°K (P~ 400 mW,

A ~ 8450 &, f = 2.2 kHz, fiw = 1.48 €V). The laser ra-
diation was sharply focused (S ~ 5 x 10™° c¢cm? on the
surface of the photocathode of a photomultiplier (mul-
tiplication factor ~5 x 10") made in the form of a thin
metallic film of sodium obtained by vacuum deposition
(x ~ 2.3 eV). A calibrated filter permitted controlled
change of the peak radiation power of the laser within
the limits 1 < P £ 400 mW, corresponding to change in
the light flux intensity on the surface of the sample
within the limits 2 x10° 3T $10* W/cm®. The results
of investigating the dependence of the emission current
J on the peak radiation power P of the laser are given
in Fig. 2, which is taken from '), As is easily seen,
the dependence of J on P found experimentally is, in
logarithm coordinates In J and In P, a straight line of
slope equal to 2. This fact is a result of the two-quan-
tum nature of the photoeffect since the contribution of
the competing single-quantum processes of thermal
emission and of the photoeffect under the action of sec-
ond harmonic radiation is negligibly small. As the re-
sults of the measurements showed, when laser radiation
is focused on the surface of a metallic film of sodium, a
temperature increase of up to 2° is observed. The ther-
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FIG. 2. The dependence of the photo-
current J from the surface of a sodium
target on the radiation power P of a gal-
lium arsenide semiconductor laser oper- E7
ating in the pulse regime. A part where : 7/!
J ~ P is sometimes observed in the region X
of small light flux values. Its existence is ek
explained by the fact that for P < 10 mW E
the contribution of the two-quantum -
photoeffect to the total current willbeso ;7%
small that the single-quantum photoeffect
of emission of photoelectrons from the i
tail of the Fermi distribution becomes A
noticeablef *].
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moelectronic emission current corresponding to this
temperature increase of the sample (the initial tempera-
ture was ~300°K) is of order of 10" A, which is con-
siderably smaller than the value observed in the exper-
iment. The energy of the second harmonic laser radia-
tion (X = 4225 &, 2l w = 2.96 eV) is very small (P $5
x 107 W) and, it would seem, cannot explain the experi-
mental results by single-photon absorption, If we use
the results of the calculations of Smith,t**! then for the
experiments carried out by the authors, the dependence
of the photocurrent caused by two-quantum absorption
on the power of the laser radiation and on the dimen-
sions of the light spot on the surface of the target must
have the form J = 9.7 x10 ™ P?/S.* The dependence of
J on P with S = constant is shown in Fig. 2. In order
to verify the inverse proportionality of the photocurrent
to the area of the light spot the authors carried out addi-
tional investigations, in the course of which, by means
of a small adjustment of the lens focusing the laser ra-
diation, they succeeded in changing the dimensions of
the light spot on the target. As a result of the experi-
ments it was found that J ~ $™', which agrees with the
predictions of the theory. However, estimates of the
value of the photoemission current made using formula
(2.26) at the peak value of the laser radiation power
P =~ 400 mW give a photocurrent value J ~ 3x 107'¢ A
whereas the experimentally found value is equal to
9 x10™™ A. Thus the agreement between the calculated
and experimental values of the photocurrent cannot be
considered satisfactory. This disparity is caused, ap-
parently, by the volume character of the two-quantum
photoeffect in alkali metals, in the same way as this is
found in the case of the single-quantum photoeffect,®» *%
An interesting experiment, devised to study the de-
pendence of the photocurrent caused by the multiquan-
tum photoeffect on the direction of polarization of the
incident radiation, is described in '*?. The sample, a
carefully degassed and well-polished silver disc, was
placed in a vacuum flask (p,~ 107 mm Hg) and was ir-
radiated with unfocused light from a ruby laser (S
~ 1 cm® operating in the ‘‘giant pulse’’ regime (7 ~ 25—
30 nsec). To avoid the side effect of thermal emission
the sample was irradiated with a glancing light ray with
angle of incidence 6 = 87°. The control measurements
and the calculations have shown that, under similar ex-
perimental conditions, the heating of the sample surface

*In the MKS system of units.
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caused by absorption of a certain fraction of the energy
of the laser pulse is slight and does not exceed 10° (the
measurements were carried out at room temperature).
Consequently the contribution of the thermal emission
process is negligibly small, To detect the photoelec-
trons they used a cylindrical collector, to which a vol-
tage U = +1000 V was applied, close to the target sur-
face. As was shown by the results of the experiments, .
free electrons (Jyax =~ 10 mA) appear over the surface
of the target under the action of laser radiation pulses
(I =0.5 MW/cm®, and the duration of the emission cur-
rent is always less than the duration of the laser pulse.
Since the work function for silver is 4.7-4.8 eV and the
energy of a quantum from a ruby laser is hw = 1.78 eV,
the three-quantum photoemissive effect is the only pos-
sible mechanism causing the appearance of the cold
emission current. The results of measuring the depend-
ence of the peak value of the photoemission current
Jmax on the direction of polarization of the incident
radiation are shown in Fig. 3. It is clear that the photo-
emission current is a maximum when the component F
of the electric field intensity vector of the laser radia-
tion parallel to the plane of incidence reaches a maxi-
mum (a Glan-Thompson prism was used to rotate the
plane of polarization). In the case where the angle ¢
between the plane of incidence and the plane of polari-
zation of the laser radiation is equal to 7/2, the photo-
emission current is practically absent, although the
density of the exciting light flux remains unchanged.
This is explained by the fact that, for ¢ = 7/2, the com-
ponent F of the electric field intensity is practically
equal to zero and, consequently, we may consider the
vector of the total intensity of the laser radiation field
to be parallel to the surface of the target. For ¢~ 20°,
on the other hand, the value of the component F
reaches a maximum and, consequently, the photoeffect
probability increases.

Investigations into the dependence of the three-quan-
tum photoemission current on the intensity I of the ra-
diation from a ruby laser for targets of gold (x -
= 4,8eV),l% % silver (x = 4.7-4.8 eV){ ¥ *°7 and nick-
el (x = 5.1 eV)L*" showed that it has a complicated non-
linear character. The results of these experiments are
shown in Figs. 4 and 5, taken from [*5%71, It is not dif-
ficult to see that in the initial part for not too high val-
ues of the intensity of the light flux, J ~ I’ and then, as
the light flux intensity increases, the function J(I)
changes and may be approximated by a function of the
form J = const- 1%, where a ~6..%") The fact that the
recorded emission current in the region where J ~ I°
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! FIG. 3. The dependence of

the peak value of the emission
current J;max and of the compo-
nents Fj| and F) of the electric
field intensity of light wave on
the angle ¢ (p is the angle be-
K tween the plane of polarization
‘ of the incident radiation from
N the ruby laser and the plane of
— % incidence). Experimental condi-
tions: angle of incidence 8 = 87°,
‘ light flux intensity I = 0.5 MW
i MW/cm?, target material silver
(x=4.8¢eV).
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has a photoelectron nature is corroborated both by cal-
culations and by test measurements, which indicate the
small heating up of the target under the action of the_
laser radiation (AT ~10°). In addition, if we assume
that J ~ I°, then, when the form of the laser radiation
pulse is close to Gaussian and has a width 7 in time,
the photocurrent pulse must have a width 7/ = 7/v3.
Just such a relation between the pulse widths 7 and 7'
was also recorded experimentally in [**»*"1 The ap-
parent considerable discrepancy in the values I* up to
which the dependence J ~ I’ is observed experimental-
ly (I*~ 1.1 MW/ cm?® (%) [* 5 45 MW/ cm® £°77) is
the result of two causes, each of which is due to a dif-
ference in the conditions of the experiment. First, in
the work," *®? the angle of incidence of the laser radia-
tion on the surface of the sample was equal to 60°,
whereas in the work' *"} it was 85°. The values of the
light flux intensities shown in Figs. 4 and 5 character-
ize the total intensity of the laser radiation. If we re-
calculate the stated values I* taking the angle of inci-
dence 8 into account, then the maximum light flux in-
tensities on the target surface will be respectively
equal to 0.55 MW /cm® and 3.7 MW/cm®. Second, and
this is perhaps the most important reason, the experi-
ment in the work!*"? was set up in such a way that the
component of the electric field intensity vector of the
incident radiation perpendicular to the surface of the
sample had its maximum value for the given angle of
incidence 9. In this case, as was shown earlier,’ *!
the conditions for observing the multiquantum photo-
emissive effect are optimal. It was just this optimiza-
tion of the experimental conditions that enabled the
authors to observe the dependence J ~I° at higher val-
ues of the density of the light flux on the surface of the
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FIG. 4. The dependence of the emission current (1 and 2) and of
the quantum yield Y, (3) of the two-quantum photoeffect on the rela-
tive intensity I/I, of the light flux. Upon irradiation of the target with
the fundamental harmonic (A = 6943 A) of the ruby laser radiation, the
three-quantum photoeffect (1) was observed, whereas in the case of
irradiation with the second harmonic (A = 3472 A) the two-quantum
photoeffect was observed. The light beam diameter was equal to 4.6
and 6 mm for cases 1 and 2 respectively. The laser pulse parameters
were: E=11J, 7 =40 nsec.
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target. The experimentally observed dependence (which
is stronger than cubic) of the emission current on I for
light flux densities I > I* remained obscure. In the
opinion of the authors of ' *1, in this region of values of
I heating up of the target material begins to play a role
and the observed current is thus of a thermal nature.
However, measurements of the energy of the electrons
carried out by the retarding potential method showedt*®
that the average energy of the electrons and their energy
distribution cannot be explained by the thermal emis-
sion mechanism.

The hypothesis advanced in turn by Farkas et al,,t*"]
that the stated deviation of the function J(I) at light flux
densities I > I* may arise as a result of increase of the
quantum yield of the multiphoton photoeffect is also not
free from deficiencies, although, according to calcula-
tions, ?°! the cold emission current density in a strong
radiation field may be described by formula (2.46), from
which, in particular, it follows that jy ~ f()I* and
therefore, for the quantum yield of the photoemission
process at high light flux densities, the expression Yy,
~ f(DI™™" is correct, and not Y, ~ "™,

Putting aside the question of the nature of the emis-
sion current at light flux densities I > I*, we shall dis-
cuss estimations of the quantum yield Y; in the case of
the three-quantum photoemissive effect on the surface
of a gold target. If we assume that the photocurrent
density j obeys the relation j = CI® (here C is a con-
stant that takes into account the stochastic character of
the three-photon absorption process and the stochastic
character of the emission of an electron into free
space), then it follows from the experimental data (see
Fig. 4.1), that C = 1.02 x 10”7 A/MW)(MW /cm?)~% In
this case the relation Y, = 1.8 x10™® CI® MW/cm? (Y,
is the ratio of the numbers of emitted electrons and in-
cident photons) is valid for the quantum yield Y, of the
three-photon photoeffect. For a light flux intensity of,
for example, I =0.77 MW/cm® we have Ys;= 1.1
x 107*? electrons/photon. The investigation of the two-
quantum photoemissive effect carried out incidentally
by the authors of {**? enabled them to evaluate also the
value of the quantum yield for the two-photon photoef-
fect in gold at wavelength A = 3472 A. For this purpose
the samples were irradiated with an unfocused light
beam of second harmonic radiation, obtained by means
of a KDP crystal, from a ruby laser. The results of
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measuring the dependence of J on I are shown in

Fig. 4.2. The energy of one photon in this case is equal
to 3.57 eV (x = 4.8 eV) and the photoeffect may have
only a two-quantum character. If, by analogy with the
three-photon effect, we write the relation j = C'I?, then
it follows from the experimental data that C’ = 2,35
x107% (A/MW)(MW/cm® !, The quantum yield Y, for

a light flux density I = 0.77 MW/cm™? is found to be
equal to 6.5 x 107° electrons/photon (see Fig. 4.3).

The photoemissive effect on a metal-solution inter-
face was studied in paper.t®?! The setup used to make
the measurements was as follows: a ray of light from
a ruby (hw = 1.785eV, E ~ 1 J, T ~100 usec) or a neo-
dymium (Fw = 1.18 eV, E ~2 J, 7 ~100 psec) laser
was focused using a long-focus lens (f = 94 mm) onto
the surface of a mercury drop placed in a decinormal
aqueous solution of perchloric acid (HC1O,). There was
practically no back current of the electrons ejected by
the light (i.e., current from the solution to the elec-
trode) since protons, dissociation products of the HCI10,,
were acting as electron acceptors in the solution. In
view of the fact that the one-photon photoeffect work
function from mercury into the solution is equal to 3.3
+ 0.15 eV at the potential at which the charge on the
metal is zero, and depends additively on the target po-
tential, two-quantum photoemission of electrons into
the solution should begin at potential ¢ = 0.2 V relative
to the zero-charge point in the case when the drop is
irradiated by a light pulse from a ruby laser (2Hw
=3.57eV). For a neodymium laser 2iw = 2.36eV and 3hw
=3.54eV and, consequently, two-quantum photoemission
should begin at ¢ = —1.0V and three-quantum photoemis-
sion at ¢ =0.2 V. All the enumerated effects have been
observed experimentally, Investigations of the depend-
ence of the photocurrent on the laser radiation intensity
and on the electrode potential ¢ showed that for the three-
quantum photoeffect, J ~ I% (o = 2.7 to 3.0) while for
the two-quantum case, J ~ I?. This result coincides
qualitatively with expression (2.47), which describes
the multiquantum photoeffect process from a metal into
an electrolyte solution. It is not possible to trace more
exact agreement, since the exact value of the radiation
intensity of a laser working in the peak generation re-
gime is not known, The experimentally found depend-
ence on the electrode potential ¢ of the charge q emit-
ted from the surface of the mercury drop under the in-
fluence of radiation from a ruby laser has the form
q°*~ ¢ (Fig. 6). The value of the two-quantum photo-
effect work function extrapolated from these data turns
out to be close to 3.3 eV, the value obtained for the one-
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FIG. 6. Voltage-current plot of the
two-quantum photoemissive effect from P A
the surface of a mercury drop in a decinor-
mal solution of perchloric acid (HClO,4)
under the action of radiation from a ruby 5
laser (E=117J, 7~ 10™ sec). ¢ is the po- ’
tential of a saturated calomel electrode. y
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quantum photoeffect. On exposure to light from a ruby
laser, the charge emltted from the surface of the drop
reached a value 3 X 10 Coul/cm at ¢ =0 and in-
creased to 2.4 x 1077 Coul/cm® at ¢ = —0.3 V.

Summarizing the results of the experimental work in
which the multiquantum photoemissive effect in metals
has been observed, we should say that this work is bas-
ically of a preliminary character. It is clear that from
now on the number of investigations on the non-linear
photoeffect in metals will increase and will enable us to
broaden significantly our ideas about both the structure
of metals and the elemental act of the photoeffect
process.

3. THE MULTIQUANTUM PHOTOEFFECT IN
SEMICONDUCTORS AND DIELECTRICS

3.1 Theory

The photoemissive effect in semiconductors and di-
electrics is caused by direct and indirect optical tran-
sitions from bound states (from a valence band or dis-
crete levels) to free states (conduction bands). In pure
and weakly-alloyed semiconductors transitions between
bands play the basic role (Fig. 7).

The depth from which photoelectrons are ejected
from semiconductors is determined by the energy
losses of the electrons to impact ionization. To effect
the elemental act of impact ionization an electron in the
conduction band must have energy greater than the
width A& of the forbidden band. To be emitted into the
vacuum its energy must be not less than the electron
affinity 6 for the given semiconductor. Therefore, in
semiconductors for which 6 < A g, the photoelectrons
rapidly lose energy to impact ionization and the depth
from which they emerge is small (10™® cm). On the
other hand, in semiconductors for which 6 < A& and
also in dielectric ionic crystals, photoelectrons with
sufficient energy for emission into the vacuum cannot
effect impact ionization and are therefore able to
emerge from a greater depth., This is one of the rea-
sons for the large quantum yield of sensitive photo-
cathodes of Cs,Sb, CsBi, Cs,Te, etc.t**]

The velocity distribution of the photoelectrons re-
flects the structure of the energy bands from which
they are excited by the radiation. In metals the photo-
electrons are scooped out of the conduction band, in
which the density of quantum states increases with in-
crease of energy. In semiconductors the density of
quantum states in the valence band from which the pho-
toelectrons are excited decreases towards the band

FIG. 7. Direct and indirect inter-
band transitions in a semiconductor.
€c and ey are the dependences of the
electron energy on its quasimomentum
k in the conductance and valence
bands; Ae is the width of the forbid-
den band; é is the electron affinity;
hwd is the minimum photon energy
for which a direct transition (no
change of k) can induce the photo-
emissive effect; hwwj is the minimum
photon energy equal to Ae + &, for
which an indirect transition can induce
the photoemissive effect.
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edge. In the energy spectrum of the photoelectrons of
metals there are, therefore, relatively more fast elec-
trons than in the corresponding spectrum of semicon-
ductors,

In semiconductors containing appreciable amounts of
impurities, distinctive features appear in the long~
wavelength part of the photoemissive effect spectral
characteristic, representing excitation from impurity
levels.

The multiplicity of possible mechanisms of excitation
and scattering, leading to substantial change in the pho-
toelectron quantum yield in semiconductors, is illus-
trated to some extent by Table I, taken from the paper
by Kane.'**! This table, in partlcular is also evidence
of the fact that much greater difficulties arise in the
theoretical consideration of the multiquantum photo-
emissive effect in semiconductors than in the case of
metals.

This apparently explains the absence of theoretical
papers* on the multiquantum photoemissive effect in
semiconductors and dielectrics. In the interpretation of
experimental results on the multiquantum photoemissive
effect in semiconductors and dielectrics at the present
time a formula is used which was given without proof in
58] and according to which the following relation for
the two-quantum photocurrent density is valid

(2ho—W, )‘/2] P,

We—ha)? (3.1)

. ed 1

= e
where [ is the average emission depth of the photoelec-
trons, W, and Wy are the energy differences between
the vacuum level and the bottom edge of the conduction
band or the top edge of the valence band. From (3.1) it
is clear that the two-quantum photoeffect occurs when
Hw> W, /2.

The calculations show that for Cs,Sb (the energy

level scheme is shown in Fig. 8)

lj2] =1.5.10"37% A /em ™2 (3.2)

where F is expressed in V/m (in the calculation the
values 1=200 &, fiw = 1.17 eV, W, = 0.45 eV, W,

= 2.05 eV were used) For a hght flux densi of the or-
der of 35 W/cm (i.e., F? = 1.32 x 10 V®/m® we have
132 ~ 107° A/em™?

3.2 Experiment

Several papers are devoted to the experimental study
of the multiquantum photoemissive effect from the sur-
face of semiconductors; all the experiments were car-

FIG. 8. The energy level scheme in
Cs;3Sb (energy in eV).
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*There exist, however, a number of papers on other optical multi-
quantum processes in semiconductors and dielectrics (see, e.g., [*55)).
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Table I. Dependence of photoelectric yield, Y,

variety of production and scattering mechani
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on photon energy, E, near threshold, Er, for a
sms. &y is the Fermi level measured from the
cuum
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ried out on targets of compounds of antimony with alkali
metals, normally used as the coating of photomultiplier
photocathodes (Cs,Sb,[® %4781 K _sp{®81), To investigate
the multiquantum photoemissive effect from a Cs,Sb
surface (1.8 < x £2.0 eV), both a pulsed neodymium
glass laser (A = 1.059 y, iw = 1.17 eV, 5x107" < I,
£ 10° W/ cm?)t® %51 and a CW helium-neon gas la-
ser (A =1.153 py, iw = 1.07eV, P~ 1.35 mW, 55 [,
S 10° W/ cm®) (571 were used. To study the multiquan-
tum photoemissive effect from a K,Sb surface (2.2 < x
S 2.9 eV) a ruby laser working in the pulse regime
(Aw = 1.78eV, 55 I, S 10° W/cm® was used.

The results of investigating the dependence of the
photocurrent density jph on the intensity I, of the la-

ser radiation incident on the target are shown in Fig., 9.
It is clear from the behavior illustrated in the graph
that it is possible to divide the curve jph(Io) into two

parts, in the first of which jph ~ I, and in the second
jph ~ If, The presence of parts with a quadratic depend-
ence of the photocurrent emission density jpn on the

intensity I, of the existing light, observed at light flux
densities I, 2 100 W/ cm® for Cs;Sb samples and I,
2100 W/ cm® for K,Sb targets, confirms the two-
quantum character of the photoemissive effect, since
the energy and power of the light pulses in all cases
were such that they did not induce noticeable heating of
the samples. Some scattering in the values of jph for

Css3Sb targets (see Fig. 9, curves 1-3) is explained,
firstly, by the fact that, for the irradiation, lasers with
various energy values of the radiation quanta (1,°%!
2,01 fiw = 1.17 eV; 3,'°" fiw = 1.07 eV) were used,
and secondly, by the fact that the work function for
Cs,;Sb targets, which depends strongly on the method of
preparation and on the purity of the photocathode, varied
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FIG. 9. The dependence of the photocurrent density jph on the
laser radiation intensity I for Cs3Sb (1 [56], 2 [%6], 3 [*7)) and K,;Sb
(4 [%®]) samples.

from sample to sample within wide limits of up to
0.2 ev.

As the investigations carried out in '*®! have shown,
the presence of a linear portion in the curve of jph(Io)

for Cs;Sb and K;Sb samples is caused by the existence
of a long-wavelength ‘“tail’’ in the single-photon absorp-
tion spectrum, which even at small values of the absorp-
tion coefficient k makes a significant contribution to the
photoemission current because of the large density of
the exciting light flux (jph ~ KkI).

Changes in the energy of the emitted electrons, ef-
fected by the retarding potential method,!*®! made it
possible to find the velocity distribution function of the
photoelectrons N(E)dE = f(E) in the case of the surface
photoeffect from Cs,;Sb (Fig. 10). From the figure, it is
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clear that: 1) the distribution function of the photoelec-
trons appearing in the two-quantum photoeffect process
is virtually identical with the photoelectron distribution
function for the single-quantum photoeffect, if the added
energy of the two quanta taking part in the two-quantum
photoeffect process is equal to the energy of the quan-
tum inducing the single-quantum photoeffect, i.e.,
[N(E)dE]A =1.06 & [N(E)dE] x=0.53 2) the maximum of

the photoelectron velocity distribution function
[N(E)dE], _ 1,06 lies in the energy region E~ 2hw—x.

Although both the experimental paperst®® ! in
which the multiquantum photoemissive effect from the
surface of dielectrics was investigated are of a prelim-
inary character, they nevertheless differ markedly from
one another, both in experimental technique and in the
nature and depth of the results obtained. Muray’s work
work,[59] which was devoted to a study of multiquantum
photoemission from surfaces of dielectrics transparent
to laser radiation—from quartz (x = 4.2-5.1 eV) and
from borosilicate glass (x = 4.9 eV)—was carried out on
a low experimental level. The author investigated the
dependence of the number Ng of electrons emitted from
the sample surface on the pulse energy of radiation
from a ruby laser (0.2 SE $4.0J, 7 ~ 1.4 usec) and
succeeded only in establishing the presence of the mul-
tiquantum photoeffect (n = 3) at light flux densities
I 2 10° W/ cm? Neither the photo-excitation mecha-
nism nor the nature of the secondary phenomena which
complicate the observation of the photoeffect were elu-
cidated by the author.

The work of Logothetis,!®®! on the other hand, was
carried out on a high experimental level and contains
a number of important results and ideas. To investi-
gate the spectral characteristics of the multiquantum
photoemissive effect in dielectrics, the author used the
two-photon spectroscopy method, first suggested by
Hopfield et al.[%"»%%1 The essence of the method is as
follows. The sample being investigated is irradiated
with two independent light beams, one of which is pro-
duced by a laser (hiw, = const) and the other is contin-
uous radiation, passed through a monochromator (iw,
is a variable quantity), from a flash lamp. Thus the to-
tal energy of the two quanta E =fiw, + hw, may vary
within broad limits, making it easy to plot the spectral
characteristics of multiquantum processes (the initial
energies hw, and Aw, of the quanta are chosen to lie
outside the region of possible single-photon absorption
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FIG. 10. The normalized photoelectron energy distribution function
N(E)JE found by the retarding potential method during irradiation of a
Cs;38Sb sample with light of different wavelengths. The solid curve is for
the case of irradiation of the sample with light of wavelengths 0.7, 0.53,
and 0.4 g from a thermal source for curves 1, 2, and 3, while the dotted
curve is for the case of irradiation of the sample with light from a neo-
dymium laser (A = 1.06 u).
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in the sample). The radiation sources used in the

work £%°? were a ruby laser, working in the “giant
pulse”’ regime (E =1 J, fiw, = 1.786 eV, T = 40 nsec)
and a xenon flash lamp (7 ~ 50 psec) and the synchro-
nization of the laser radiation pulse relative to the flash
lamp pulse was effected so that the laser pulse occurred
on the ‘‘plateau’’ of the flash-lamp radiation pulse. The
use of the monochromator in the path of the light ray
from the xenon lamp made it possible to vary the photon
energy within the limits 4.0 Shw, < 6.2 eV, while the
spectral width of the radiation which had passed through
the monochrometer did not exceed 33 A. A Csl film of
thickness of the order of a few thousand A, obtained by
vacuum deposition onto a backing of stainless steel, was
used as a target. The sample was placed in a vacuum
cell (p,~ 107° mm Hg) in such a way that the angle of
incidence of the unfocused laser radiation was 60°. To
detect the electrons emitted from the surface of the tar-
get an electron multiplier was used and was placed
close to the sample surface in such a way that scattered
radiation from the two exciting light beams did not fall
on it, As the experiments demonstrated, the emission
current is characterized by the following properties:

1) Emission current pulses are observed only when
both light beams are impinging on the target; the photon
energy of the UV radiation of the flash lamp must ex-
ceed the value fiwz 2 4.4 eV (X = 2770 &),

2) The shape and duration of the emission current
pulses are similar to the corresponding characteristics
of the laser radiation pulse.

3) The emission current pulse is directly propor-
tional both to the laser radiation intensity and to the
flash-lamp radiation intensity.

The above-mentioned facts are evidence that the de-
tected photocurrent has a photoelectron nature and that
the free electrons over the surface of the Csl sample
appear as a result of the two-quantum photoemissive
effect, The experimentally determined dependence of
the relative value of the quantum yield Y for the two-
photon photoeffect on the total energy of the two photons
of the exciting radiation is shown in Fig. 11, It is clear
that the curve consists of two parts. For E 2 6.9 eV, a
sharp increase in the photocurrent is observed, ap-
proaching saturation at E ~ 7.3 eV. In the energy re-
gion E £ 6.9 eV the function Y(E) decreases monotoni-
cally in proportion to the decrease of E; the lower
threshold value, which it was not possible to find be-
cause of the smallness of the signal, lies, probably, in
the region E~ 6.2-6.3 eV.

To elucidate the nature of the two-quantum photoef-
fect a comparative analysis of the one- and two-photon

FIG. 11. The dependence of the quan-
tum yield Y of the photoeffect from a film
of Csl on the total energy of two photons of
the radiation incident on the target (hw, =
1.78 eV, hw, is variable). Y is the number of
emitted electrons divided by the number of
UV photons from the flash lamp. The inten-
sity of the ruby laser radiation I, =8 X 107
MW/cm?.

Quantum yield Y
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FIG. 12. Spectral functions for one- and two-photon absorptions
and photoemission for Csl samples at room temperature. ——— one-
photon absorption [*}]; - - - two-photon absorption [%?]; —— one-
photon photoeffect [93]; — two-photon photoeffect [¢°].

absorption spectra was carried out using data on the
one- and two-quantum photoeffect (Fig. 12). It is not
difficult to see that the long-wavelength boundary of the
two-quantum photoeffect (E ~ 6.1-6.3 eV) practically
coincides with the corresponding value for the one-
quantum photoeffect! ®*! and is correlated with the two-
photon absorption spectrum, > %) It is known that the
photoemissive effect in alkali halide crystals has an ex-
citon mechanism.'®* %3 From a comparison of the one-
and two-photon absorption spectra it is clear that in the
-energy region 5.5 $ E £ 6.4 eV the spectra differ mark-
edly from each other, whereas in the energy region 6.4
S E £6.9 eV they differ very slightly. This means that
in the region E 5 6.9 eV the two-quantum photoeffect
may be explained by two-photon ‘‘forbidden-forbidden’’
transitions from the ground state to the first conduction
band close to the I'-point of the Brillouin zone (k = 0)F%
859,91 while in the region E >6.9 eV, it is explained
by the so-called ‘“allowed-allowed’’ transitions at some
point of the Brillouin zone without inversion symmetry,
i.e., at the -line.t%> % In other words, in the region
E 2 6.9 eV there are excited in the crystal states the
symmetry of which is identical to the symmetry of the
ground state; consequently, direct two-photon excitation
of exciton states in the crystal is possible. Although the
author did not succeed in identifying concretely the
types of the observed transitions responsible for the
appearance of the emission current, the investigations
which he completed made it possible to draw a number
of important conclusions, the essence of which is as
follows. The study of the multiquantum photoemissive
effect in dielectrics enables us:

1) to study the structure and symmetry type of the
energy bands in irradiated media, in the same way as is
done in the analysis of single-quantum photoeffect char-
acteristics; % %!

2) to understand and evaluate the role of the two-
photon-excited states (excitons) which have symmetry
identical with the ground state symmetry and which are
not observed in one-photon excitation;

3) to study the role of F-centers and of the various
exciton-dissociation mechanisms which lead to the ap-
pearance of photoemission, and, finally,

4) to trace the influence of the characteristics of the
internal multiquantum photoeffect (the angular and po-
larization dependences of the photoconductivity, etc.) on
the process of electron emission from the surfaces of
irradiated bodies.

A. D. GLADUN and P. P. BARASHEYV

All these questions are still far from being solved
and the proposed method of investigating the interaction
of radiation with matter undoubtedly helps towards an
elucidation of a detailed picture of the phenomenon.

4, STATISTICAL PROPERTIES OF RADIATION AND
THE MULTIQUANTUM PHOTOEFFECT
PROBABILITY

As a result of the invention of the laser and of the
possibility of experimental investigation of electromag-
netic fields with a high order of coherence, in recent
years a considerable number of theoretical papers de-
voted to the development and refinement of the concept
of coherence has appeared.! ™~®1 In some of these pa-
pers! ™78 the connection between the elemental act of
multiquantum absorption and the coherence of the elec-
tromagnetic radiation is considered. From the point of
view of the theory of optical coherence and photon sta-
tistics, a photon counter, and, consequently, a coher-
ence detector, are manifestations of the elemental act
of the multiquantum photoeffect. The multiquantum pho-
toemissive effect was also considered from exactly this
point of view in [ % ™1,

Following Glauber! ™ ™! we define a set of correla-
tion functions, describing the statistical properties of
the radiation, as follows:

G (zy, ..

<y Tny Tntty -+ oy Tan)

=Sp[pE (z1) . .. B (@) EW (Tns1) - - - B (2n)], (4.1)
where p is the density operator, Xn= (T ty), £
and £ are non-Hermitian parts of the electric field
intensity operator, with negative and positive frequen-
cies respectively.

The function G'™(x, ..., Xp, Xp,1, + -+ , Xpp) 18
called a correlation function of n-th order. As the con-
dition for complete coherence, we require that the nor-
malized n-th order correlation function

G™ (24, ..., Ton)
B B L

[] 16® (@5 21"

i=1

be of modulus unity for all n and for all combinations
of the arguments x. If this condition is fulfilled for

n < M, we shall speak of M-th order coherence,

It is possible to show that the average count rate of
n-fold coincidences for ideal (small dimensions, broad
band, etc.) photodetectors at the points xi, Xa, ... , Xp
is proportional to the function G™(r.t,, ..., rpty,

g™ (zy, ..

roty, ..., I)t). Since the function G is real and pos-
itive, the condition |g'®’| = 1 for n< M means that
g™ (T, ooy Tn, Tny ..o T =1

for n=< M. Therefore, by definition of the function g™
for a field with M~th order coherence, the relation

(4.2)

n
t
C™(Zyy ooy T Tny ey ) = ”1 G (z;, z;)
=

is valid for n< M.,

From the experimental point of view this means that
the count rate of n-fold coincidences is equal to the
product of the count rates which each counter would
give in the absence of the others. Thus, for radiation
fields of coherence of order M = n, n photon counters
give statistically independent counts.

For simplicity we shall consider the two-quantum
photoeffect as a detector of the coherence of the radia-
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tion.! ™! The average count rate at the space-time point
Xy = (T, to) for an ideal two-photon detector is propor-
tional to the quantity

GP (5, 2o, Zo, 70) = SP [PE (a0} E (20) B (0) E™ (o))

We assume that the radiation has first-order coherence,
i.e., that

G (@i, aj, 70 1) = g2 16N (2, )] G (25, )]

(4.3)

where g, is the coherence parameter (g,#1).

Information about the radiation field may be obtained
by means of experiments of two types: a) by absolute
measurement of the two-quantum photocurrent; b) by
means of relative measurements when the detector is
irradiated with two superimposed light fluxes.

The output signal of the two-quantum detector, when
the latter is irradiated with a single light flux, is pro-
portional to

9
¢ (%o, Zo» Tg, To),

where x, = (rq, to). When the detector is irradiated with
the same flux delayed in time, the output signal at the
moment of time t, is proportional to

N
G (2, 20 40 20,

where x; = (ry, t) and t, > to.
The average density of the two-quantum photocurrent
i, when the detector is irradiated with two superposed
light fluxes from the same source is proportional to the
following sum.
Jo~ G (%o, oy To» 1O)+G(2) (x4, 215 21, 1)

(4.4)

The first two terms in the sum (4.4) correspond to ab-
sorption of two photons at the same space-time point
(both photons from the same light flux); the first term
corresponds to one light flux and the second to the
other; the last two terms in (4.4) correspond to absorp-
tion of two photons at different space-time points (each
photon from a different light flux).

Putting (4.3) into (4.4) and remembering that the
correlation function G (x i x]-) is proportional to the

2 (2
+6P (zq, 2y, 1), 20) +GF (24, 20, 700 7)-

average single-quantum count rate at the point Xj, we
find

(4.5)

where Ij is the intensity of the j-th flux and C is a con-
stant. Here it is assumed that the delay time 75 between
the fluxes is less than the coherence time 7, of the ra-
diation. The formula (4.5) means, in particular, that the
two-quantum photocurrent induced by radiation from
thermal sources (g, = 2, g, = m!) is twice as large as
the two-quantum photocurrent caused by radiation from
an ideal single-mode laser (g, = 1, gy, = 1). Physically
this is explained by the fact that the probability of si-
multaneous arrival of two photons is greater when there
is no correlation. This is valid both for a single light
flux and for two superposed light fluxes. The same re-
sults were arrived at by the authors of the theoretical
paper,[%? in which the dependence of the two-photon
absorption probability on the coherence of the radiation
was studied.

If the delay time between the fluxes is greater than

jo=gol (I 21,0, + I?), Ts << Tey
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the coherence time of the radiation (15 > 7) then there
is no correlation of the times of arrival of photons from
one flux and the other. In the given case we may write

6P (o, 21, 241 20) = 6V (20, 2N G (z1, )]s

or | a
2~ g2 16 (20, 20) 12+ g2 16V (2, 2,)]2

+ 216 (2o, 2)] (G (2, 7)1, (4.6)

Ty = Teo
We note that the two-quantum photocurrent caused by
absorption of one photon from each light flux is here
the same as for the radiation from a single-mode laser;
it is equal to 2CLL,.

For random fields, including also the thermal radia-
tion field (g, = m!), we have

Je=20(L+ 1L+ 1), T>T. (4.7)
while, for a single mode laser (g, = 1)
ja=2C (g B4 Lol 45 T5) (4.8)

Again the photocurrent for random fields is greater than
the photocurrent for the laser radiation field. Compar-
ing (4.7) and (4.8) we can see that the ratio of the coef-
ficient of the cross term LI, to the coefficient of I or
I is equal to unity in (4.7) and equal to 2 in (4.8). This
means that in the case of random fields the count in-
creases for each flux

G (24, 7o 2o, 7o) ANd GP (2, 7(, 74, T)-

The reason for this is the tendency of the photons to ar-
rive as correlated pairs. So long as 75 > 7¢, there is
no correlation between the arrival time of a photon
from one flux and the arrival time of a photon from the
other flux. Thus it is clear from the above that the mul-
tiquantum photoeffect can give us information about the
correlation functions of electromagnetic radiation and,
conversely, for full information on the multiquantum
photoeffect it is necessary to know the statistical char-
acter of the radiation which causes it.

Using the apparatus of quantum electrodynamics and
the above-mentioned ideas, the authors of '®*! solved
the problem of calculating the probability of multipho-
ton absorption under the action of a laser radiation
pulse and thermal radiation. If the thermal radiation,
appropriately filtered, has the same frequency spec-
trum and total energy as the laser radiation pulse, the
ratio of the probability of an n-photon transition for
thermal radiation to the corresponding probability for
coherent light is equal to

_ nt/2 Te \ 21
M = (4m)(r—172 (T) '

(4.9)

where 7 is the time for which the atomic system is ir-
radiated with the thermal radiation and 7, is the co-
herence time of the laser radiation (7, Ay ~1). Here it
is assumed that the laser radiation pulse is a pure co-
herent polychromatic state, for which the pulse dura-
tion 7, is equal to the coherence time 7., whereas the
thermal radiation is stationary and may be described
by a density operator which is diagonal in the occupa-
tion numbers. The latter is justified by the fact that the
frequency spectrum and total energy of the laser and
thermal radiation pulses are equal and, therefore, to
compensate the difference in the spectral intensities,
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the inequality 7 = 7, must be fulfilled. From expres-
sion (4.9) we find

ﬂn noT
~ T (4.10)
=)/ 2%, (4.11)
n=1. (4.12)

The relation (4.11) shows that 5, < 1. On the other
hand, it is clear from (4.10) that the ratio n, /o, _, in-
creases with increase of n. However, because, usually,
n < 7/7¢, the ratio ny /np-, remains less than unity.
This means that when the probabilities of multiphoton
absorption in coherent and incoherent light fluxes are
compared, when 7 >> 7, the probability of n-photon
absorption for a laser radiation pulse is usually greater
than that for thermal radiation.

Only one experimental paper in which the dependence
of the multiquantum photocurrent on the statistical prop-
erties of the radiation was investigated is known at the
present time. In this paper!®} the two-quantum photo-
emissive effect from the surface of cesium antimonide
(Cs;3Sb) was studied. A schematic diagram of the exper-
imental setup on which the measurements were carried
out is given in Fig. 13. A ray of light from a neodymi-
um laser (hw = 1,17 eV) working in the giant pulse re-
gime impinged on the surface of a photocathode PM pre-
pared from Cs,Sb (x =~ 2 eV). To compare the photo-
emission currents in coherent (1) and incoherent (2)
light fluxes, the authors used two independent methods
of irradiating the sample. In the first of these (1) the
photocathode was irradiated by a light pulse from the
neodymium laser and in the second (2), by the same la-
ser radiation which had previously been passed through
plates (~ 1200 lines /mm) which diffused the radiation;
the object of the gratings was to make the light flux
completely incoherent, while only slightly weakening it,
i.e., to make it such that the phase of the electromag-
netic wave would vary randomly in the interval {0, 27].
In other words, the diffusion plates were used to bring
about an essential change in the phase characteristics
of the field and to convert the coherent laser radiation
field, characterized by insignificant fluctuation of the
phase about a certain fixed value, into a radiation field
with a random spread of phases in the interval 0 < ¢
=< 27. The use of calibrated light flux attenuators en-
abled the authors to irradiate the photocathode with
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FIG. 13. Schematic diagram of experimental setup: 1 — neodymium
glass laser operating in the giant pulse regime; 2 — photomultiplier re-
cording the light flux density of the laser radiation; 3 — electron multi-
plier with a Cs3Sb target as photocathode; L — lenses; F — filter elimi-
nating the radiation from the laser pumping-lamp; A, and A; — cali-
brated light flux density attenuators; P — polarizer making it possible to
keep constant the ratio of the light fluxes which have passed through
the light beam divider B; D, and D, — diffusing plates intended to con-
vert a coherent light flux from the laser into an incoherent one; S — slit.
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FIG. 14. The dependence of the
number of electrons Ng emitted from
unit surface of a Cs;Sb target in unit
time on the light flux density nph.
The points O and A correspond to
averaged experimental values for ir-
radiation with incoherent and coher-
ent light fluxes. The experimentally
determmed functions Ne = an ph +
ﬁnph are shown as dotted and sohd
lines for the cases of excitation by
incoherent and coherent radiation
respectively. The faint dotted straight
lines are asymptotes of the type Ne=
aincoh Nph and Ne = Bincoh nph: and
the faint solid lines are asymptotes of
the typze Ne = acoh nph and Ne =
Bcoh Nph-
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light fluxes whose intensities coincided but whose sta-
tistical properties were different. As was shown by the
experiments (Fig. 14) which were carried out for light
flux densities in the interval 10°* < nyp, < 10 photons/
em™2. sec™!, the number of photoelectrons Ne emitted
from unit surface of the target in unit time depends on

the flux density npp and NgOh < njncoh always. When
the dependences obtained in the form Ne = anpp
+ an)h were analyzed, it was found that a,op ~ ®incoh

(Gcon ~ 4.66 x107™*%, ajn.on ~4.55 X 107*%), whereas

Bincoh > Beoh always (Bincoh =~ 1.24 X107, Beop

~ 6.57 x 10™®) in the region of the quadratic dependence
of the photocurrent (N ~ n® ), In other words, the num-
number of photoelectrons emitted in the two-quantum
photoeffect process under the action of incoherent elec-
tromagnetic radiation is greater than the corresponding
number of photoelectrons produced under the action of
coherent laser radiation of the same intensity and spec-
tral composition; the photoemission currents satisfy

the relation choh (1.88 + 0,05)N, COh, which agrees
well with the Value choh ZN"Oh predicted theoreti-

cally.!® ®1 We note that the conchtlons of this experi-
menst1 do not correspond to those of the problem solved
in %1,

The results of this work illustrate clearly the im-
portance of taking account of the statistical properties
of the laser radiation field in the correct calculation of
the multiquantum photoeffect probability and are evi-
dence of the fact that in this way it is possible in princi-
ple to measure and determine the coherence of optical
radiation.

5, CONCLUSION

The multiquantum photoemissive effect is one of the
non-linear interaction processes of electromagnetic ra-
diation with matter. It is essentially a quantum phe-
nomenon,

Investigations of the single-quantum photoemissive
effect have played a fundamental role in the experimen-
tal basis of the quantum theory of light. The multiquan-
tum photoeffect evidently has a no less important role.
This is concerned in particular with establishing and
studying the connection between multiquantum absorp-
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tion of photons and radiation coherence. On the other
hand, the study of multiquantum photoemission of elec-
trons from condensed media enables us to investigate
the structural features of energy bands, the symmetry
type of electron wave functions in a crystal, the struc-
ture of the potential barrier at the interface separating
two media, etc.

The investigation of the multiquantum photoeffect
also enables us to determine the precise limits of ap-
plicability of the basic laws of the linear photoeffect,
the laws of Stoletov and Einstein.

At the present time only a few steps have been taken
in the theoretical and experimental study of the multi-
quantum photoeffect. Evidently the number of papers
and the depth of the investigations on the multiquantum
photoeffect will grow steadily from now on. The possi-
bility of practical use of the multiquantum photoeffect
as a detector of the coherence order of radiation is also
not excluded,
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