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The results are given of an experimental investigation of luminescence detected during
electrophoresis between two silver electrodes of silver particles in water that were formed by
dissolution of surface layers of the anode. A theoretical interpretation of the experimental

data is presented. It is based on the luminescence resulting from recombination of silver ions
moving toward the surface of the cathode with electrons tunneling from the cathode

from behind the surface. © 1996 American Institute of Physics. [S1063-7761(96)01103-7]

1. INTRODUCTION

There has recently been a growth of interest in processes
involving ions and atoms near the surfaces of solids. Consid-
erable successes have been achieved in developing a theory
of such processes.!"® Many experimental studies are devoted
to the radiation that results from the interaction of ions with
the surface of a solid.”'® As a rule, the gas phase and high-
energy ions are considered. However, there have also been
reports of radiation that can be interpreted as radiation result-
ing from the interaction of slow ions in the liquid phase with
the surface of a metal.!'?

In this paper, we present the results of an experimental
investigation of luminescence observed during the electro-
phoresis of silver particles dissolved in water. As is demon-
strated in the theoretical part of the paper, a possible mecha-
nism of this luminescence is recombination of slow (thermal)
ions (the source of which is the silver anode) with electrons
that arrive from behind the nominal surface of the silver
cathode by below-barrier tunneling. Some of the experiments
described below were reported in the preliminary communi-
cation of Ref. 11.

2. DESCRIPTION OF THE EXPERIMENTS

In this section of the paper, we describe experiments
having as their main aim the direct observation of lumines-
cence that could be interpreted as recombination lumines-
cence resulting from the interaction of slow (thermal) ions
with electrons tunneling from a metal near its surface. We
attempted to observe luminescence accompanying the elec-
trophoresis of silver particles in an aqueous solution onto the
surface of a silver cathode. This method, in particular, makes
it possible to solve easily the problem of producing slow
(thermal) ions, since silver ions also arise when the silver
particles are dissolved in water. The experiment was con-
structed in such a way as to permit the detection of the lu-
minescence itself and to estimate qualitatively the dynamics
of the luminescence in time and also the spectral composi-
tion and spatial properties. It was also desirable to have ex-
perimentally measured parameters that could be used to es-
timate the ion concentration. Such a possibility was provided
by measurement of the electric current through the solution.

458 JETP 82 (3), March 1996

1063-7761/96/030458-09$10.00

The experimental layout is shown in Fig. 1. Silver elec-
trodes were placed in a quartz-glass flask (1) filled with dis-
tilled water obtained by vacuum distillation. In most of the
experiments, we used a conical quartz-glass flask (based di-
ameter 70 mm, height 120 mm, thickness of the walls 2.5
mm). Some experiments were also carried out in a cylindri-
cal flask made of ordinary glass. The anode (2) was a ring of
diameter 30 mm made from a silver strip of width 2 mm and
thickness 0.5 mm, while the cathode (3) took the form of a
thin silver disk of diameter 10 mm and thickness 1 mm; both
electrodes were placed in the focal plane of the lens (4) (di-
ameter 50 mm, focal length 75 mm).

To detect the expected luminescence, we placed near the
flask two FEU-136 photomultipliers (5 and 6) and a Zenit-E
camera (7) with Gelios-40 objective (focal length 85 mm,
focal ratio 1:1.5). The camera aperture was left completely
open. The distance from the objective lens of the camera to
the electrodes was 1000 mm. The camera was focused in
such a way as to ensure maximum sharpness of the cathode
image.

The beamsplitter (8) was used to divide the light flux
from the flask into two parts, one of which was directed onto
the photomultiplier (5), which was used for reference pur-
poses, and the second onto the photomultiplier (6), in front
of which one of the light filters (9) was placed. To focus the
radiation onto the photomultiplier cathodes, the lenses (10
and 11) (diameter 80 mm, focal length 75 mm) were used.
All the optical elements listed above were placed in a light-
tight box (shown by the dashed line in Fig. 1).

The voltage between the electrodes in the flask was var-
ied between 1 and 30 V from experiment to experiment. In
each experiment, the voltage was kept constant. The current
in the circuit was monitored by means of the milliammeter
(13).

The photomultipliers (5 and 6) operated in the analog
regime, and their signals were measured by means of the
digital voltmeters (14 and 15). For the photographic detec-
tion of the conjectured luminescence, high-sensitivity aerial-
photography film (type 29, sensitivity threshold 10™7- 1078
J/em?) was used.

To estimate the spectral composition of the lumines-
cence, colored glass light filters were used. Compared with
prism and diffraction spectral devices, light filters simplify
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FIG. 1. Experimental layout /) quartz flask with distilled water; 2), 3) silver
electrodes; 4), 10), 11) focusing lenses; 5), 6) photomultipliers; 7) camera;
8) beamsplitter; 9) light filter; 12) power supply ; 13) milliammeter; 14), 15)
voltmeters; 16) power supply for the photomuitipliers.

the experiment and ensure a low level of optical losses. The
latter is particularly important in the investigation of weak
luminescence.

The parameters of the light filters (9), which were
stacked in front of the photomultiplier (6), are given in Table
1. This set of filters makes it possible to obtain a qualitative
idea of the spectral composition of the radiation. Besides the
experiments made in accordance with the basic scheme de-
scribed above, in one of the experiments film was fitted
around the outer lateral surface of the flask near the bottom;
in the same experiments, film was put beneath the flask.

3. RESULTS OF THE EXPERIMENTS
3.1. Deposition of silver on the inner surface of the flask

A film of metallic silver was deposited on the lateral
surface of the conical flask and on its base. The thickness of
the film, estimated from the optical absorption, was less than
1 pm.
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TABLE 1.

Type of filter Passband, nm (7,>20%)
UFS-8 300-395

BS-4 300-1300
SZS8-21 340-580

ZhS-10 400~1800
ZhS-17 480-1800
0S-14 300-2000
KS-19 700-3000

Note: 7, is the transmission coefficient of the filter at wavelength \ of the
light.

The film was deposited in a horizontal strip in a circle
around the flask with randomly varying profile of its upper
and lower boundaries. The distance between the boundaries
was 10-30 mm. The upper boundary was 1-2 cm above the
level of the electrodes. The silver deposited in this film had
an almost island structure.

3.2. Deposition of silver on the cathode

During the experiment, the electrophoresis of silver par-
ticles onto the cathode was accompanied by the appearance
in the region next to the cathode of a formation of suspended
disperse particles. In a photograph (see Fig. 2) made in trans-
mitted light after the end of the experiment this formation
was readily apparent. It took the form of a jelly with fragile
structure and no metallic luster. Within this suspension, in-
dividual particles (‘‘droplets’’) of metallic silver were ob-
served. The formation of such particles continued for a cer-
tain time after the experiment had ceased.

3.3. Luminescence recorded on photographic film

Figure 3 shows photographs indicating the presence of
luminescence in the system consisting of the silver elec-
trodes and distilled water. The experiment was carried out
using the cylindrical glass flask.

FIG. 2. Side view of the “‘jelly”’
formed around the cathode and within
the anode ring. The anode ring is iden-
tified by the arrows.
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FIG. 3. a) Luminescence around the cathode observed with a camera; b) luminescence observed by means of photographic film wound around the lateral
surface of the flask; ¢) luminescence observed by means of photographic film beneath the flask.

Figure 3a is a photograph obtained by means of the cam-
era focused on the cathode for an exposure of 20 days. Dur-
ing this time, the voltage between the cathodes was held
equal to 1 V. Initially the current was about 1 uA. Later it
increased, and on the 14th day was 1-5 mA, after which it
began to decrease and stopped because the silver anode had
dissolved.

In addition, in the same experiment the luminescence
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was recorded on the films mentioned earlier, one of which
was wound round the lateral surface of the flask, while the
other was attached to the bottom of the flask (1). The lumi-
nescence recorded by these films is shown in Figs. 3b and 3c,
respectively. In Fig. 3b, one can clearly see the profiles of
silver deposition on the inner surface of the flask.

In another experiment, the voltage between the elec-
trodes was held at 10 V. Figure 4 shows photographs that
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FIG. 4. Luminescence observed by means of the camera during successive time intervals.

demonstrate the presence of luminescence in successive time
intervals equal to the exposure time of the corresponding
frames. Geometrically, the luminescence is localized in that
region of the plane that passes through the anode ring and
that cathode. The exposure time of the first frame was 24 h,
and that of the remaining frames was 1 h. The time-averaged
value of the current was about 5 mA, and it varied from 0.3
mA to 180 mA.

3.4. Luminescence detected by the photomultiplier

3.4.1. Dynamics of the luminescence process

After the experiment began, the photomultiplier did not
detect any radiation for a time that was a decreasing function
of the voltage between the electrodes. For example, for volt-
age 10 V between the electrodes, sporadic ‘‘bursts’’ in the
readings of the voltmeters (14 and 15 in Fig. 1) up to 0.5-0.7
V began to be observed after a day; these corresponded to an
increase in anode current through the photomultipliers to
0.02-0.03 mA. The luminescence was preceded by the onset
of a three- to tenfold increase in electric current through the
solution. The ending of the photomultiplier signal was ac-
companied by a sharp decrease in the current to close to the
original value. For example, at a certain time the current was
16 mA. For about half an hour it did not change, but then,
over 10 s, increased to 180 mA, after which it abruptly fell to
20 mA. At the same time, when the current reached 40 mA,
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the photomultiplier began to detect luminescence, and this
ceased simultaneously with the abrupt decrease in current.

3.4.2. Spectral distribution of the radiation intensity

The spectral distribution of the luminescence was deter-
mined from the ratio of the readings of the photomultiplier
(6) with different filters to the readings of the reference pho-
tomultiplier (5). Allowance was made for the spectral char-
ac’teristics of the photocathode, the entrance window of the
FEU-136 photomultiplier, and the filters (UFS-8, BS-4, etc.,
see Table I). The spectral properties of the latter are such that
they make it possible to determine the relative intensity of
the radiation over comparatively narrow wavelength inter-
vals. This is achieved by subtracting the relative intensities
obtained for two suitably chosen filters with subsequent cor-
rection of the difference by means of the FEU-136 spectral
characteristic. The experimental results obtained for the
spectral distribution of the radiation intensity, normalized to
the maximum value, are given in graphical form in Fig. 5.
Each point of this graph was obtained by analyzing the data
of several measurements. It can be seen that the lumines-
cence has a clear cut short-wavelength edge at A=350 nm.
Near this wavelength, the spectral density of the radiation
has a maximum and then, with increasing wavelength, de-
creases smoothly.
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FIG. 5. Experimental spectral distribution of the radiation intensity in the
case of deposition of silver ions on the silver cathode (open circles) and the
theoretical spectral distribution of the radiation intensity in accordance with
the mechanism of recombination luminescence by tunneling electrons (solid
curve).

4. DISCUSSION OF THE EXPERIMENTAL RESULTS

The silver deposition processes observed during the ex-
periment are fully consistent with the known physicochemi-
cal properties of this metal. All indications are that the silver
initially dissolves in the water, forming a colloidal solution
(sol). The solution also contains individual silver ions. Under
the influence of the electric field, there is then a drift of the
colloidal particles, i.e., electrophoresis,13 and drift of the in-
dividual silver ions.

The deposition of silver on the interior lateral surface of
the flask and its characteristic features can be explained as
follows.

Under the influence of the electric field of the anode
ring, the interior surface of the flask acquires a negative
charge, the greatest surface density of which will be pre-
cisely at the intersection of the plane of the anode ring with
the lateral surface of the flask. Because of this, a small frac-
tion of the positively charged silver particles, in particular
the individual ions, will move to this region of the inner
surface of the flask and be deposited on it. Since the conduc-
tivity of the material of the flask is, while admittedly small,
nevertheless not equal to zero, some of the charge can be
carried off from the interior surface of the flask, so that one
can say that this surface has a negative charge.

In addition, a certain number of neutral silver particles,
in particular atoms, can be deposited by diffusion in the wa-
ter to the interior surface of the flask. There will be a higher
concentration of these near the anode ring because its surface
layer dissolves in the water. It is then natural to expect that
neutral particles will be deposited where positively charged
silver particles have already begun to be deposited.

The island structure of the deposited silver film can be
attributed to the fact that the first layers of silver arise on the
surface of the flask material randomly and then subsequently
silver particles (including ions and atoms) are preferentially
deposited at these locations.

The jelly around the cathode is probably formed by the
coagulation of colloidal silver particles. Since the jelly has a
certain conductivity, in the later stage of the process, colloi-
dal particles and silver ions are deposited on the surface of
this jelly. Such deposition can give rise to the formation of
““/droplets’’ of metallic silver, on which, in their turn, posi-
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tively charged colloidal particles and silver ions moving in
the direction from the anode ring to the cathode can be de-
posited.

The continued formation of ‘‘droplets’’ of metallic silver
on the surface of the jelly even after the experiment had
ended indicates that the ‘‘gel’’ is indeed formed by silver
particles, which under certain conditions can coalesce into
‘‘droplets.’’

The photograph in Fig. 3a reveals luminescence in the
vicinity of the cathode; moreover it is in a region situated
inside the plane of the cathode ring. This is indicated by the
sharp, smooth boundary of the anode ring revealed in the
photograph.

The photograph in Fig. 3b also confirms that light is
emitted mainly within the anode ring. This is indicated by
the presence in the middle of the photograph of a dark strip,
which is the silhouette of the anode ring. Below this silhou-
ette is the silver film deposited on the interior surface of the
flask. At individual places in this film, one can see the pro-
files of island formations. These are probably visible because
in the early stage of the process the silver film was suffi-
ciently transparent to light emitted inside the flask.

The vertically irregular distribution of the intensity on
the film in Fig. 3b can possibley be explained in terms of
refraction of radiation from the cathode region by the inho-
mogeneous distribution of colloidal particles and silver ions
in the water.

From the picture of the luminescence recorded by the
photograph in Fig. 3¢, which is essentially a complementary
projection to the picture of the luminescence in Fig. 3b, we
can conclude that there are two local sources of lumines-
cence. One is situated within the volume of the flask and
emits a rather small amount of light in the direction of its
base. The other source is the wall of the flask, and this source
yields much more light.

The low intensity of the radiation in the direction of the
base of the flask can perhaps also be explained by the fact
that the distribution of the densities of the ions and the silver
particles in the water is such that refraction of light by this
distribution has the consequence that essentially no radiation
reaches the bottom.

The radiation from the walls of the flask is evidently
mainly radiation that comes from the interior of the flask and
is reflected and scattered by the walls. At the same time, a
certain fraction of this radiation can propagate to the photo-
graphic film through the lateral wall as it does through an
optical waveguide. It is also possible that some radiation
recorded in the photograph in Fig. 3c is due to the deposition
of . positively charged silver particles on the interior lateral
surface of the flask.

The above considerations enable us to conclude that the
luminescence is associated with the deposition of positively
charged silver particles on the cathode in the initial stage of
the process and then on the surface of the jelly that is formed
around the cathode. At the same time, the luminescence
sources may well be the droplets of metallic silver on the
surface of the jelly.

Evidence for this is provided by the photograph in Fig.
4. We note that the time needed to observe the luminescence
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in the experiment recorded in the photographs of Fig. 4 was
an order of magnitude less than in the experiment repre-
sented by the photographs in Fig. 3. This is due to the fact
that the voltage between the electrodes, and therefore the
current, was an order of magnitude higher in the first experi-
ment than in the second.

We now discuss the experimental data associated with
the luminescence detected by the photomultipliers. The ab-
sence of luminescence for one or more days (depending on
the voltage between the electrodes) can be explained by an
insufficient number of charged silver particles and silver ions
in the water. Thus, for voltage 10 V, estimates show that as
the silver anode dissolves in the water the concentration of
the positively charged silver particles and silver ions reaches
some 10" cm™3; the conductivity of the solution is in-
creased, and the current increases to 10 mA. After this, as
noted above in Sec. 3.4, the photomultiplier detected spo-
radic bursts of luminescence accompanied by current pulses.
A possible reason for this very nonuniform process of the
luminescence in time is that the anode dissolves in the water
in discrete chunks as the polar water breaks up its surface.
Since the material of the anode is polycrystalline silver,
which consists of individual grains (blocks), the separation
of individual fragments of the metal occurs most readily
along grain boundaries. Thus, an appreciable fraction of the
silver dissolved in the water will be in the form of small
particles.

When the next chunk of such particles separates from
the anode, the particles move toward the cathode and partly
dissolve in the water, and this can lead to a sharp increase in
the concentration of Ag* ions in the water around these par-
ticles. This gives rise to an increase in the ionic current.
When the same particles, surrounded by a ‘‘cloud’’ of Ag*
ions, get sufficiently close to the cathode (in the early stage
in the process) or to a silver ‘‘droplet’’ on the surface of the
““jelly’’ (at a later stage in the process), the positive charges
are neutralized, and the ionic current falls to a value close to
the original value.

5. THEORETICAL INTERPRETATION

The above experimental data on the luminescence ob-
served in an experiment involving the deposition in distilled
water of positively charge particles of silver and its ions on
the surface of a silver cathode can be fully explained by the
radiative recombination of electrons tunneling out of the
metal with ions moving toward its surface.!! It should be
noted that there are other possible explanations of the ob-
served phenomenon, for example, on the basis of electrolu-
minescence or microscopic electrical breakdown.'* How-
ever, in the present case, such an explanation seems to us
less likely, and therefore the theoretical analysis given below
takes into account only the mechanics of recombination lu-
minescence of a tunneling electron.

For simplicity, we assume that the ions move in a liquid
between two flat electrodes separated by a distance L.

Figure 6 shows schematically the effective potential
curves for an electron in a system consisting of the metal and
an ion of it near the surface of the metal in a liquid (water) in
contact with the metal. We take the effective Hamiltonian of
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FIG. 6. Schematic potential curves for an electron in a system consisting of
a metal and an ion of the same metal.

the electron, with allowance for the presence of the liquid,'
in a form analogous to that for a metal-vacuum interface:'

H=H,+H,-T. (1)
Here H 1= T—U6(—x), where T is the kinetic energy opera-
tor of the electron, U is the effective depth of the potential
well of the metal in contact with the liquid, 6(—x)=1 for
x<0 and 8(—x)=0 for x>0,

o . Zé?
Hy=T-—~ 0(x)

is the Hamiltonian of the electron in the effective field of the
ion of the metal, which is situated in the liquid at distance x,
(x0>0) from the nominal boundary x=0 of the metal (e is a
unit vector along the x axis), and

Ir'|=r"=|r—x0e,].

In the effective field of the ion of the metal at distances
of the order of atomic distances, Ze can be assumed to be a
constant of order e.

The problem is to calculate the spectral distribution of
the intensity of the luminescence in accordance with the
mechanism of recombination luminescence associated with
tunneling of the electron. Such a calculation is possible,
since, as will be seen from what follows, the main contribu-
tion to this mechanism comes from distances x, between the
ion and surface of the metal much greater than the atomic
distances:

xo>a=h?*mZe?, ?2)

where m and e are the effective mass and charge of the
electron, and #% is Planck’s constant. By virtue of (2), the
energy levels of the electron states of the ion are well-
defined.

We take into account the fact that under the condition (2)
and in the absence of liquid between the silver cathode and
the silver ion, the levels of the excited electron states of the
silver ion are, accordingly to the handbook data of Ref. 16,
situated above the Fermi level E in silver. Then the com-
pletely occupied electron energy levels E| in the metal, in-
cluding the Fermi energy E, are greater than the energy E,
of the electron ground state in the isolated ion. It is natural to
assume that this is also true when the liquid is present. One
can make estimates that confirm this assumption.
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Note that if the excited electron energy levels in the ion
are just below the Fermi level in the metal, the expression for
the spectral intensity will differ from the expression obtained
below only by additional terms that contribute only in the
short- and long-wavelength regions of the spectrum.

Taking into account all the above and the circumstance
that at ordinary temperatures in the metal almost all the elec-
tron states above the Fermi level are free, one can treat the
system with the Hamiltonian (1) as a two-level system. The
wave functions of the upper, ¥;, and lower, ¥ - States are
determined by the equations

I'}\Pi,szi,f\Pi,f’ (3)

where ¥; =a; /¥;+b; /¥,, and E, and E, are the electron

energy in the metal and the ground-state energy of the elec-

tron in the field of the ion. In what follows, we measure all

energies from the bottom of the potential well of the metal.
Solving Eq. (3) for the region (2), we obtain

\Pim‘lfl, E,-%El, \I,f%\lfz,

where

Ef~E2,

V2/81 sin(k,l)exp(— kx+ik,y+ik,z), x=0,

"\ VST sin(kx+kDexp(ikyy+ik,z), —1<x<0,
. (4)
W= ylmexp(—yr'). (5)

Here S! is the volume of the metal, where S is the area of the
electrode;

K2=2mIkA)(U—E)+ko+k2,

fik, ,fik,, fik, are the projections onto the coordinate axes of
the electron momentum #k; we can represent y=1/a
=mZe?/h? in a form that is convenient for what follows:

y=\2m(U—E/)/h.

In the calculations below, it is convenient to replace the

trigonometric functions in (4) by algebraic functions using

the fact that in accordance with (3) we have tan(k, /)= —k,I.
To calculate the energy E of the radiation,

E= fordt f:l()\,t)d)\, ©)

where 7 is the emission time, and /(\,?) is the spectral in-
tensity of the recombination radiation as a function of wave-
length, we proceed in the usual manner. We first calculate
the intensity of the radiation for recombination of electrons
with an individual ion. Here we use Fermi’s Golden Rule for
the transition probability per unit time of the electron from
the initial state |i) (4) to the final state |f) (5) under the
influence of the electromagnetic field operator:

W=— 2 4p
" mc p-

Here A is the vector potential operator of the electromagnetic
field, which is taken in the long-wavelength approximation,
and p is the electron momentum operator.

Multiplying the expression obtained for the intensity of
the recombination luminescence associated with the tunnel-
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ing of electrons by the number N(x(,t)Sdx of ions (or par-
ticles around which there is a ‘‘cloud’’ of ions) per volume
of liquid Sdx, and integrating it over the length L of the
intercathode gap, with allowance for the fact that the photon
energy is Aw=2mch/\, we obtain for the spectral distribu-
tion I(\,t) in (6)

I()\,t)=% LdeoN(xo,t) f Vd3kng(E(K))

1
o

2arch
A

><I(i,OqU|W|f,1qg)|26(E,-(k)—Ef—

()

Here V=35I; np(E;(K)) is the Fermi distribution function
with respect to the initial electron energies in the metal;
p(Ef,x,) is the density of the levels of the final electron
energies E in the ion with allowance for the level smearing
due to the interaction of the ion with the liquid and the metal;
) is the solid angle that determines the direction of the pho-
ton polarization vector, which is characterized by the sub-
script o, relative to the dipole moment vector of the electron
transition between the states |i) (4) and |f) (5); V, is the
volume of the photon subsystem; O, and 14, are the photon
occupancies corresponding to the initial (|i)) and final (|f))
electron states, wave vector q, where |q|=2#/\, and polar-
ization o ; &...) is the delta function.
The function N(x,t) is determined by the equation

N ON D I*N N (0 L
—_—y — — SX0=
=Y Ty 2 Bn(xo)N (0<xo<L),

N(xg=0,)=0, N(xo=L.,t)=Ny(1). ®)
Here v is the velocity of the ion (or of the particle sur-
rounded by a “‘cloud” of ions), v=QE/6mnR, where Q is
the charge of the ion or the ion ‘“‘cloud,”” E is the electric
field strength, 7 is the viscosity of the liquid, and R is the
radius of the ion (or of the particle surrounded by the ion
“‘cloud”’); D is the diffusion coefficient of the ion (or of the
particles surrounded by the ion cloud): D=kzT/67 7R,
where kg is Boltzmann’s constant, and T is the temperature.
The concentration of the electrons that tunnel from behind
the surface of the metal into the liquid is
n(xy)=ng exp(— y'xy), where, as is readily shown,

v'=22m(U—Eg)/#h.

As noted above, we are interested in the region xo>a.
By virtue of this, since R~a for the ions, they can be as-
sumed to be point particles, i.e., we can describe their con-
centration by Eq. (8). It is obvious that if Eq. (8) is also to
hold for particles surrounded by an ion ‘‘cloud,”’ the in-
equality x> R must hold. However, it can be expected that
the results will also be qualitatively correct for xo>R.

In Eq. (8), B is the constant that reflects the loss of ions
due to nonradiative and radiative recombination with elec-
trons that tunnel out of the metal with ions moving in the
liquid toward the metal surface. In the liquid phase, in con-
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trast to the gas phase, B is mainly the constant for nonradi-
ative loss of an ion, since an ion of the metal together with
the water molecules surrounding it is a complicated entity in
which the electron energy is effectively converted nonradia-
tively into vibrational energy, and subsequently dissipated.
The solution of Eq. (8) can be represented in the form

N(xo ’t)

_ UXxg 1 fa+iood 4kl s
=€xp '2—D' 2—7;1' i pe 8 €exp
Y Xo ¥’ xo
(- 252) a2
>0, 9)

where
vL y'L
A, No(p)exp( ZD) [Kb( o exp( - ——2—))

K9 yL\\]!
7,(5) ”’(‘“*p(‘T))] :

_ AKL(9)
I8

N TR B [
Dy v

Here K;(...) and I,(...) are cylindrical Bessel functions, and
Ny(p) is the Laplace transform of the function No(x0=L,t).

Assuming that Q~10~"° c E~1 V/cm, R~a~10"8
cm, T~3oo K, ¥~10® ecm™!, B~10"% cm%c, n,~10%
cm™3, and bearing in mind that L~ 1 cm, and for water 7~1
mPa-s, we obtain v~1073 cm/s, D~1077 cmz/s, and
6~100. It follows from this that b<<1, & exp(—y'L/2)<1,

and then for t>4D/v2~10 S, vxy/2D<1,
8 exp(—y'xy/2)>1, and
X "X
md exp[ 26 [ 1 —exp( - 2’2—0) - —72—0]<<1,

and using the asymptotic behavior of the functions K (...)
and 7,(...) at large and small arguments, we obtain from (9)
for the indicated values of x

27 v v xo
N(xg,t)~ 77—,I-)—N0(t)exp —d exp| — 3

Y xo
4

(10)

The result (10) does not depend explicitly on the value L
of the interelectrode gap. This greatly extends with respect to
the parameter R the range of applicability of the calculations
made here. Indeed, in the interelectrode gap one will mainly
find particles of the metal, including positively charged ones,
with radius R>a. At the same time, as will be shown below,
for recombination luminescence in the case of tunneling of
electrons the only important charged particles will be those
that, approaching the negative cathode or, at later times, the
“‘droplets’’ of metal on the surface of the jelly, which play
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the role of a cathode, constitute a complex of an actual metal
particle and a ‘‘cloud’’ of ions of the same metal surround-
ing it. When such a particle is at distance L' from the cath-
ode, where a<<L'<L, one can consider the previous prob-
lem of recombination luminescence resulting from tunneling
in which the role of the charged particles is played by ions
with a certain local density No(x=L',t) and characteristic
radius R~a. For such a picture of the luminescence, as can
be seen from the expressions (7) and (10), the spectrum will
not depend on the local concentration of the ions or on the
diameters of the metal particles filling the main interelec-
trode space.

We take into account the fact that the operator A has the
form

. fich o ot
=2 Y, el Wh(dgtdly,),

where e,(q) is the photon polarization vector, and 44, and
_q(, are the photon annihilation and creation operators, and
also the fact that

R 2mcm
(ABliy=i = (11,

where r’ is the electron position vector, and also that the
density of the energy levels in (7) s
P(Ef,x0)~6(E — E}O)), where E}O) is the ground-state en-
ergy of the electron in an ion in the liquid far from the
surface of the metal. This form of the level density in (7) is
due to the fact that the main contribution to the integral over
the variable x, in (7) comes from values near
~(2/y") In §, i.e., there is a saddle point, and the main
contribution to the luminescence comes from a relatively
narrow layer at a distance x, that greatly exceeds a.
Taking into account what we have said and also the in-
equality exp[(y—y'/2)xo]>1, where xo~(2/y')In § and
y>v'/2, since EF>Ef=E}°), we first calculate in (7) the
matrix element of the operator W, then integrate over the
variable x, and, finally, integrate over the variables k,, k,,

k.. We obtain
\/A a A+ 2T
Y

Xexp(—\/A—)\O/)\)
1+«" exp(A,/N\)°
8 \/;r_ eZ\I(U—E}O))SSvNO(t)
3 \/'ng—fczU'y’D Iné

U—-EY
U—E;

\/A+)\0/)\)

D=3 Ino

(11)

In? &
U_EF’

A= In? 86, No=2mch
In? &

U_EF,

E®V-E
A]zE}O) ! J > )\l

4 = ——————
% exp( kT

_27rcﬁ
"~ kgT

where I'(...) is the incomplete gamma function.
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The theoretical spectral intensity (11) of the recombina-
tion luminescence in the case of electron tunneling agrees
well with the experimental spectral distribution of the lumi-
nescence observed in the electrophoresis of silver particles in
water onto the silver cathode (Fig. 5). Here the theoretical
spectral distribution is normalized to its maximum value and
plotted for the following parameter values: A/ln? 6=1.723,
AyIn? $=0.257 um, \/In* =519 um, A /In* 5=0.02, In
=—145.9, In 6=5.118.

The possibility of invoking recombination luminescence
as a result of electron tunneling to explain the experimental
data presented in this paper suggests that the emitted energy
E (6) must be such that the energy density absorbed by the
employed photographic film is not less than its sensitivity
threshold: 10”7108 J/cm?. To estimate E from (6) and (11)
we have

A In 8 JUWU—Ey)

~ — —

p 7 J;) No(t)dt. (12)

We can estimate Ny(¢) from the relation for the current den-
sity: j=eNyv. Bearing in mind that j~10'3—10—2 Alcm?
and v~1073 cm/s, we have Ny~ 10'°-10%° ¢cm™>. Further,
in accordance with the results of the observation of the lu-
minescence by means of the photomultiplier, the total time
of the luminescence ‘‘bursts’’ corresponding to their being
recorded in the photographs of Fig. 3 can be estimated to be
of the order of 10* s. Therefore, for the values of the param-
eters occurring in the expression (12) that were given above,
we obtain for E, setting U~U—Er~10 eV, the value
E~10"2 J. With allowance for the geometry of the experi-
ment, we obtain for the density of the energy absorbed by the
photographic film the value 1076-1077 J/cm?, which is suf-
ficient for detection of the luminescence on the film.

It is obvious that the proposed mechanism of the ob-
served luminescence associated with recombination of elec-
trons tunneling out of the metal and ions moving toward its
surface explains the observation of luminescence following a
sufficient growth of the ionic current, since the probability of
recombination luminescence increases with increasing cur-
rent.

We note that if luminescence via the assumed mecha-
nism is to be efficient, the presence of silver ions, rather than
positively charged microscopic particles of the metal, is im-
portant. The fact is that if the solution contained only micro-
scopic charged silver particles, then upon approaching the
cathode or a ‘‘droplet”” of metal on the surface of the
““jelly,”” their recombination with electrons tunneling out of
the metal would only be nonradiative. This is due to the high
concentration of electrons in microscopic metal particles,
which carry away the excess energy produced by the recom-
bination of electrons tunneling out of the cathode or a silver
““droplet’’ to a positively charge microscopic particle. This
can be understood qualitatively if one bears in mind that in a
plasma (in the given case, in the ‘‘plasma’’ of the metal) the
radiative recombination rate is proportional to the electron
concentration, while the nonradiative recombination rate is
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proportional to the square of the electron concentration.'” In
contrast, for the recombination of an individual ion with an
electron, the probability of nonradiative recombination is
many times lower, and accordingly the quantum efficiency of
radiative recombination is much higher.

6. CONCLUSIONS

The analysis that we have made in this paper of the
experimental data enables us to conclude that luminescence
was due to deposition of silver ions on the cathode and that
a possible mechanism of the effect could be luminescence
resulting from recombination of electrons tunneling out of
the cathode with the flux of ions moving toward it. At the
least, this is one of the mechanisms that makes it possible to
understand the origin of the energy for the luminescence in a
system in which all the particles move with velocities corre-
sponding to room temperature and there are no free elec-
trons.

If the luminescence effect found in the condensed me-
dium is due to recombination luminescence of tunneling
electrons, it must also occur in the rarefied gas phase. In any
event, this is theoretically entirely plausible.

Study of this luminescence can give important informa-
tion about the structure of the surface electron energy levels
in the metal. In addition, study of this effect is also of prac-
tical interest. We have in mind here the problem of creating
stable and simple reference sources of weak optical radiation
and the investigation of the microscopic relief of surfaces.
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