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A new method for generating light in semiconductors and dielectrics is considered. Generation arises
behind the ionization front in the streamer in a region with a characteristic dimension ~5 pm and moving
‘at (1-4)X 10° cm/sec. Generation of light with an intensity ~10° W/cm? and total power up to 300 W is

obtained in CdS, Se,_, and ZnSe crystals.

PACS numbers: 42.60.Gd, 78.45.+h

1. INTRODUCTION

A general method of obtaining light generation by ex-
citing a homogeneous semiconductor with electric-field
pulses was proposed earlier. ! At sufficiently high
electric-field intensity, owing to impact ionization over
the tunnel effect, the concentration of the non-equilibri-
um carriers, which are distributed in a broad energy
band, is rapidly increased in the semiconductor. To
obtain inverted population and generation of light it is
necessary that the applied field be rapidly turned off,
within a time T, much shorter than the lifetime 7, of
the nonequilibrium carriers (r; < 7,~10"° sec). Such
a situation was realized in several semiconductors of
the GaAs type in which Gunn domains propagated. 2
As already reported, 7 these conditions for the genera-
tion of light are produced also behind the ionization
front in streamer discharges in a large number of semi-
conductors and dielectrics.

Streamer discharges in the form of luminous fila-
ments are produced as a result of rapid (~10° cm/sec)
motion of the “head” of the streamer along definite crys-
tal-symmetry directions, and produce no damage in the
crystal lattice under certain conditions that limit the
current strength. '3 On the leading front of the stream-
er a high local electric-field intensity is produced and
causes the appearance of a larger number of nonequi-
librium carriers as a result of impact ionization or the
tunnel effect. The dense highly-conducting electron-
hole plasma produced behind the front leads to a rapid
decrease of the electric field intensity and to a slowing
down and degeneracy of the carriers, as a result of
which local conditions for light generation are produced.

We report here a theoretical and experimental inves-
tigation of the physical characteristics of lasers based
on the crystals CdS, CdS,Se;., and at ZnSe, in which the
pumping was effected in streamer discharges.

2. EXPERIMENT

The crystal samples used in the study were plane-
parallel plates 30-80 u thick, with dielectric mirrors
coated on their surfaces. The reflection coefficients
of the mirrors were 100% on one side and 97% on the
other, ‘

Light generation was observed in a direction perpen-
dicular to the plane of the plates, both at liquid-nitrogen
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temperature and at room temperature. The streamer
discharges were excited in the samples by two methods.
In one case a short pulse of ~100 nsec duration and
voltage from 10 to 30 kV was applied to the crystal
placed in a liquid dielectric (transformer or castor oil,
or else liquid nitrogen) through a small discharge gap
from a high-voltage generator (see Fig. 1a). In the
second case the crystal sample was mounted on a trans-
parent insulator, placed in vacuum, and charged with
an electron beam (Fig. 1b) until a streamer discharge
was produced in the sample., The generation spectrum
was recorded with an STE-1 spectrograph, and the pow-
er was measured with a calibrated coaxial photocell.
The time characteristics of the radiation were investi-
gated with the aid of an FER-2 high-speed camera with
a time resolution up to 20 psec, and the near and far
radiation zones were recorded on photographic film.

Excitation of CdS and CdSe crystals and their solid
solutions, in which the principal symmetry axis of the
crystals was in the plane of the plate, produced glowing
tracks making an angle 43+ 3° with this axis. The di-
rection of these tracks was practically independent of
the magnitude or polarity of the voltage pulse. In crys-
tal plates cut perpendicular to the principal symmetry
axis, the track pattern was in the form of a star with
rays making an angle 60°, The track thickness was
measured with a microscope and was equal to 1-5 u.

Experiments on the influence of the pulse voltage on
the track length have shown that their average length
increases linearly with increasing pulse voltage. The
investigations have shown that the initial conductivity of
the crystal exerts an appreciable influence on the for-

FIG. 1.
tric-pulses through a discharge gap (a) and by charging the
crystals with an electron beam in vacuum (b): l—investigated
crystal, 2, 3—dielectric mirrors, 4—sapphire or glass sub~
strate, 5—high-voltage electrode, 6—gap filled with liquid di-
electric, 7—investigated radiation, 8—electron beam, 9—metal
frame.

Excitation of streamer discharges by applying elec-
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FIG. 2. Generation of light in streamer discharges in CdS
plates at T=80°K. The arrow shows the point where the pulse
voltage was applied. The length of the double track is 0.8 cm.

mation of the streamer discharges when they are ex-
cited by an electric field.

We have investigated cadmium-sulfide crystals doped
with indium, with a resistivity from 10% to 10'? Q-cm.
The largest radiation power was obtained in the sam-
ples with the highest resistivity. With decreasing re-
sistivity, the length of the tracks decreased, their
structure became more branched, and no tracks were
observed at a resistivity lower than ~ 10* Q-cm.

Measurement of the power of the generated light has
shown that in the better crystals the power reaches
~ 300 W if the crystals are placed in liquid nitrogen and
~ 70 W at room temperature., The duration of the radia-
* tion in one pulse was 0.5~2 nsec. By regulating the

voltage of the applied pulses it was possible to produce
generation in one or two tracks following the same path
in the crystal (see Fig. 2). At a pulse repetition fre-
quency 5 Hz, the generation could last for an hour with-
out noticeable attenuation,

The generated radiation was

FIG. 3. Photograph of the angular divergence of the radiation
generated by an individual track at a distance of 3 cm from the
CdS plate. The arrow indicates the direction along the track
axis. :
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FIG. 4. Generation (1) and spontaneous emission (2) spectra
of a streamer discharge in CdS at T=80°K. The photolumines-
cent spectrum of the same sample (3) is shown for comparison.

directed perpendicular to the plane of the crystal plate
with an average angle divergence 20° (see Fig. 3).

The spectrum of the light excited in the streamer dis-
charges agreed with the spectrum observed when the
samples were excited with a beam of fast electrons,
and consisted of individual modes corresponding to the
plate thickness with total width of the spectrum from 1
to 7 nm (see Fig. 4).

The investigation of the time characteristics of the
radiation with the aid of the FER-2 high-speed camera
has shown that the generation region moves through the
crystal at a velocity from 1x108 to 5x10% cm/sec (Fig.
5), the duration of the glow of each individual point not
exceeding 20 psec (the time resolution of the instru-
ment), The velocity of the generation region, in the in-
dicated range, was practically independent of the polar-
ity of the applied high-voltage pulse.

3. DISTRIBUTION OF ELECTRIC FIELD AND OF THE
NONEQUILIBRIUM CARRIERS IN THE STREAMER

The high density of the nonequilibrium carriers, which
is needed for intense light generation, is produced by

FIG. 5. Streak photograph of the light—generation region in a
streamer without a time scan (a) and with a time scan (b).
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FIG. 6. Picture of streamer moving in the direction of the X
axis (a) and the distribution of the nonequilibrium-carrier
density and of the electric-field intensity along the streamer
axis (b).

impact ionization or by the tunnel effect near the “head”
of the streamer, where the electric field intensity is
equal, in first approximation, to the electric field in-
tensity of the charged metallic tip, and can reach very
high values.

Let us examine the distribution of the electron and
hole densities # and p, and also of the electric field in-
tensity E in this region, The strong-field region on the
leading front of the streamer (Fig. 6) is the analog of
the region of multiplication of carriers in avalanche
diodes and can be described by the following system of

equations
%=iediv jravntw, (1)
Z—f =oauvntw, (2)
divE=4”£(p—n), (3)
where
j=enpE+eDVn (4)

is the electron current density, and where we neglect,
for simplicity, the hole current density in the consid-
ered broad-band materials. In Eqs. (1)-(4), D is the
electron diffusion coefficient, ¢ is the dielectric con-
stant of the crystal, e is the electron charge, a is the
impact-ionization coefficient, w is the rate of formation
of electron-hole pairs as a result of the tunnel effect
and as a result of ionization by photons emerging from
‘the streamer, pu is the mobility, and v= yE is the drift
velocity of the electrons, which in the strong-field re-
gion is approximation equal to its saturation value

hwe Ao \ Ut
— (o, By,
v (m., T (5)

where Aw, is the optical-phonon quantum energy, m, is
the electron effective mass, and T is the crystal-lattice
temperature,

Assuming for simplicity that the distribution of the
nonequilibrium carriers and of the electric field on the
axis behind the leading front of the streamer is one-di-
mensional, we obtain from (1)-(4), after a single inte-
gration, the following relation

e JE on
L 9% 4 envteD 2oy, 6
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which represents the conservation law of the density of
the total current j, flowing along the streamer. To ob-
tain from this equation an explicit expression for the
electric field intensity, we neglect diffusion and change
over to a system of coordinates moving with the velocity
of the leading front of the streamer u, for which pur-
pose we make the substitution z=x-ut, 8/8x=d/dz,
8/8¢t=—-wud/dz. In this coordinate system Eq. (6) takes
the form

d_E_‘_ 4no(z) Bt 4nej, -0, (7)
eu eu

from which we obtain after integration
E(z)=Eé’(z-r)+ﬂ8(z~r)]g—1d.z (8)
T e T g @y

& (a; b)=exp{—-:%].0(x)dz}, (9)

where 0(z)=env/E is the electric conductivity of the
electron-hole plasma inside the streamer, and the solu-
tion (8) itself is determined on the streamer axis in the
region z< 7, (Fig. 6b).

In the calculation of the electric field on the leading
front of the streamer it is necessary to take into ac-
count the geometric shape of the streamer. Assuming
that the streamer boundary is a paraboloid of revolu-
tion, the Poisson Eq. (3) in parabolic coordinates as-
sumes on the axis the form

1 d 4
——(E)= T

o ee (p—n), z=r,. (10)

Neglecting diffusion and assuming, as before, that the
distribution of the nonequilibrium carriers is one-di-
mensional, we obtain from Eqs. (1) and (2), in the coor-
dinate system moving with the leading front, the follow-
ing equations:

dn dn

—l—— =1,

Wt 11
7 dz+cwn w, (11)

—uﬁ=avon+w, (12)
dz

in which we have used the equality v=v,, which is valid
in the strong-field region.

From Egs. (10)-(11) and the chosen boundary condi-
tions z =, p=p,, n—=mn;, p;=n;, and E—~ Eyr,/z we ob-
tain for the electric-field distribution and for the con-
centration of the nonequilibrium electrons at z = #, the
expressions:

E(5)=Eo Tt — 2 00 [ (2, (13)
z eu z .

n{z) =n,e—® — Ti—; o—8t2) J"w () e dz, (14)
8= [a(z)dz, (15)

E, is the electric field intensity, and #, is the concentra-
tion of the electrons at the point z=17.
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4. CONDITIONS FOR THE ONSET OF GENERATION
OF LIGHT

For light to be generated in a streamer discharge it
is necessary that the impact ionization or the tunnel ef-
fect during the time of action of the strong electric field
on the leading front of the streamer ~ 1072 sec have
time to form a sufficiently high density of electron-hole
pairs ~ 10'° ¢m™3, and furthermore that the electric
field intensity behind the front decrease rapidly to field
values at which no significant carrier heating takes
place.

We consider first the condition for the formation of a
dense electron-hole plasma on the leading front of the
streamer, when the principal mechanism of carrier
multiplication is impact ionization. In this case the
distribution of the electron density is determined by
relation (14), in which w should be taken to mean the
rate of formation of the electron hole pairs on account
of photoionization,

The dependence of the coefficient of impact ionization
on the electric field intensity was calculated analytical-
ly inf®" and has in the general case a complicated
form. In this paper we use the simple approximation

a be;
a(E)=—lexp{—ﬁ}, (16)
where [ is the electron mean free path, and the coeffi-
cients q and b are obtained from a comparison of (16)
with the results of numerical calculations carried out
inf®, Confining ourselves in (13) to the first term,
i.e., assuming that the electric field of the streamer
coincides in first order with the electric field from the
charged metallic tip, we obtain after substituting (13)
in (16)

E; z—
a(z)=aoexp{—ET‘ rara}, an
where
_a { E‘} _ be,
GETENTERS T

Recognizing that the most probable source of the pho-
toionization in streamer discharges is the bremsstrah-
lung of an electron-hole plasma, we represent the rate
of formation of nonequilibrium carriers by photoioniza-
tion, at a distance z from the leading front of the
streamer, in the form

Wi(z) =Woe™, (18)

where « is the effective absorption coefficient of the
bremsstrahlung photons, the energy of which exceeds
the width of the forbidden band, and W, is connected
with the current density I, of these photons by the equa-
tion Wy= I,

Substituting (17) and (18) in (14), in which we go over
in the limit as z—~ <, we obtain the following expression
for the electron density at the streamer boundary:

£,
votu

1(E, go) go~te", (19)

ne=n;e® +
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where

v, E, 0
&o QoT'oy E=—ur,

- votu —ET( E;
Y(& 8= f e~'t*=dt,

and the incomplete gamma function y (£, g,) goes over,
in the case of a large value of the multiplication, into
the gamma function: (£, g,)= I'(£).

On the basis of the obtained relation (19), let us es-
timate the conditions for impact multiplication of the
carriers in CdS., Assuming that the density of the free
or of the weakly-bound electrons in the considered
samples is not less than », =10 cm™, and also using
for CdS at T=80 °K the following parameter values:
a=0.6, b=0,3, ¢,=3 eV, m,=0.2 m, Hw,=0.04 eV,
1=10"% cm, 7,=1. 10" cm, u=3. 10° cm/sec, we obtain
1,=1x10" cm/sec and E,;=1x10° V/cm. The electric
field intensity at which an electron density »7y=10"° cm™
is reached in the streamer as a result of multiplication
of the priming electrons is therefore E,=7x10° V/cm.

The field values required to attain this density by ini-
tiating the avalanche with bremsstrahlung are some-
what higher: E;z10" V/cm,

In the case when the principal mechanism of forma-
tion of the nonequilibrium carriers is the tunnel effect,
the distribution of the electron density on the streamer
axis is given by formula (14), in which it is necessary
to put g(z)=0, and w should be taken to mean the rate
of formation of the electron-hole pairs by tunneling of
the electrons from the valence band™®:

2
w=ANE " e-"5,  E, — _I_t_( m. i‘.) i' (20)
4 \'m Iy eay

where A=10"" sec™ (V/cm)™?%3, N, is the electron den-
sity in the variance band, ¢, is the width of the forbid-
den band, ay is the radius of the first Bohr orbit, and

I is the ionization potential of the hydrogen atom. As-
suming, as before, that in the first-order approxima-
tion the dependence of the electric field on the coordinate
is of the form E=Eyr,/z, we obtain after substituting
(20) in (14) and going to the limit as z —~ = the following
relation:

Ty . /3 7 Ec
- N.AE.E" r(——,—), 21
i © 3 ' E 21)

where the incomplete gamma function

I'(a,z)= Ie“t"" dt

x

is equal at large x to T'(a, x)= x* ™,

Substituting the numerical parameters used above for
CdS, and also ¢,=2.57 eV and N,=2x10% cm™, we ob-
tain E.=7,4x107 V/cm, while the value of the electric
field needed to reach a density 7,=10' cm™ is Ey=5.5
x10°® V/cm.

Thus, in the case of CdS, the more probable mecha-
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nism of formation of nonequilibrium carriers in stream-
er discharges is the tunnel effect, in agreement with the
data on static breakdown. ' The decrease of the elec-
tric field intensity behind the leading front of the
streamer is determined by expression (8). By way of
estimate we assume that the electric conductivity of the
plasma behind the front is everywhere approximately
equal to its quasistationary value o,; then we obtain in
place of (8) the following expression for the electric
field intensity:

0 —2

E(z)=E, exp {— ru (22)

}+E,,

Tu

where Ty = £/470, is the Maxwellian relaxation time of
the electric field in the conducting medium, and E, =3,/
0, is the intensity of the residual electric field inside
the streamer,

Thus, the characteristic time during which the strong
electric field falls off behind the leading front of the
streamer is equal to the Maxwellian time 7, and for
CdS at a free-carrier density n,~10' cm™ inside the
streamer it amounts to 7= 1072 sec, which is much
shorter than the lifetime of the nonequilibrium carriers
T~ 10°° sec.

To determine the density of the current flowing
through the streamer we use the current conservation
equation (6). Considering this equation at the point
z=17y, where the electric field intensity reaches a maxi-
mum, and assuming that at this point 82/8x~ - ny/7,,
we obtain

je~enew,—eD ny/r,. 23)
Substituting in this expression the previously employed
values 7y~ 3n,~10'® cm™, 7,=10" cm, v,=10" cm/sec,
and also the quantity D=10? cm?/sec, we obtain j, < 10°
A/cm?, Hence, using the electron mobility u, =200
cm?/V-sec, we obtain the following estimate for the
residual electric-field intensity in the streamer:

Ja

E.=

<10° V/cm.

Thus, in a solid, just as in a gas (see!'!?), the electric
field intensity inside the streamer is a small quantity
compared with the external field. In such an electric
field, the distance between the electron temperature and
the lattice temperature is of the order of the lattice pic-
ture, which leads to the possibility of degeneracy of the
nonequilibrium carriers and to the onset of conditions
for light generation,

5. DISCUSSION OF RESULTS

From the angular divergence and the streak photo-
graph of the radiation, and also from microphotometry,
it follows that the generation constitutes a volume with
the characteristic dimension ~5 y, moving with a ve-
locity 3x10% cm/sec. From this, and also from mea-
surements of the generation power of an individual fila-
ment (~ 100 W in the case of CdS) it follows that the in-
tensity and the specific power of the light radiation reach
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‘respectively the values ~10° W/cm? and ~ 3x 102 W/cm?,

with the duration of the generation from a selected ele-
ment of the crystal volume amounting to 2x 1072 sec,
while the specific energy yield of the laser radiation is
6 J/cm®. In the case of generation at a wavelength x
=500 nm and a quantum yield equal to unity, the specific
radiation energy corresponds to a density »,~10'® cm™®
of the nonequilibrium carriers in the active region.

The same value of the charged carrier density causes
the observed long-wave shift of the bands in the stream-
er emission spectrum (see Fig. 4), which is a charac-
teristic feature of the emission from a dense electron-
hole plasma. '21 The length of the streamer increases
so long as the external field is capable of maintaining
on its leading front a field intensity exceeding the crit-
ical value E,~5x10% V/cm. This circumstance, with
allowance for the decrease of the potential over the
length of the streamer, owing to its finite conductivity,
explains the observed linear dependence of the average
streamer length on the applied voltage.

The observed rate of displacement of the region where
light is generated, ~3x10% cm/sec, greatly exceeds the
drift velocity of the carriers in a strong electric field,
and is equal to the velocity of the leading front of the
streamer, which in turn is none other than the velocity
of the density profile of the nonequilibrium carriers:

dn J0n
T ot l oz’

u (24)
Substituting here the value of the time derivative from
(1), taken at the point at which the electric field inten-
sity is maximal, and also using an estimate of the de-
rivative at this point 8n/8x~ny/7r,, we obtain, neglecting
diffusion, the following expression for the velocity:
UR VeVt Woro/ R (25)
We see therefore that the rate of motion of the leading
front of the streamer greatly exceeds the drift velocity
of the electrons in the case of the intense multiplication
of the carriers, i.e., when, depending on the multipli-
cation mechanism, inequality ayr,> 1 or wyry/vyee>> 1
is satisfied. More accurate expressions for the veloci-

ty are implicitly contained in Eqs. (19) and (21) above,

if the parameters »n,, E,, and 7, are assumed given.

At a nonequilibrium carrier density the active region
n~10' cm™3, the gain of the light in CdS can reach val-

ues ~10° cm™, 121 Owing to the large gain, generation

has time to develop after several passes of the light
beam between the resonator mirrors. In individual
cases, we observed generation without coating the mir-
rors, as a result of the Fresnel reflection of the light
from the faces of the crystal.

6. CONCLUSION

Intense pumping on the leading front of the extrema
can be used to excite a light generation in a large class
of semiconductors and dielectrics, particularly in alka-
li-halide crystals in which, as is well known, individual
sharply pronounced streamer discharges are ob-
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served, "5 The rapid motion of the generation region
in the streamer protects the crystal against optical
breakdown and makes it possible to attain radiation in-
tensities higher by several orders of order than in or-
dinary semiconductor lasers. In addition, high speed
motion of a generation region of small size makes it
easy to obtain, using different masks on the resonator
mirrors, a controlled sequence of ultrashort light
pulses.

We note in conclusion that under certain operating
conditions of avalanche diodes with p-n junctions, ion-
ization impact fronts are observed in which the inten-
sity of the electric field falls off rapidly behind the
front, 31 In this case, under suitable conditions, one
can also expect light generation of the type considered
above,
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Inelastic scattering of gamma quanta by hydrogen-like

atoms
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The differential and total cross sections for inelastic scattering of ¥ quanta by hydrogen-like atoms that
involves electron transitions from the 1s state to the 2s or 2p state are analytically calculated with
allowance for terms of the order of a’Z? inclusive. The differential cross section formulas obtained with
such an accuracy are valid for small angle scattering. The results are applicable in the photon-energy
region w» ma Z (m is the electron mass) and overlap with the results obtained by Gorshkov, Mikhailov,
and Sherman {Zh. Eksp. Teor. Fiz. 66, 2020 (1974) [Sov. Phys. JETP 39, 995 (1974)]} for energies

maZfwdm.

PACS numbers: 32.10.Vc

1. INTRODUCTION

The derivation of the nonrelativistic Coulomb Green
function stimulated the theoretical study of two-photon
processes involving bound electrons, Computations on
elastic and inelastic scattering of photons by hydrogen
atoms were carried out in the dipole approximation =61
and without the use of this approximation, *8 which
allowed the consideration of the entire nonrelativistic
photon-energy region w < m (m is the electron mass)
and the processes forbidden in the dipole approxima-
tion. ©®1 The cross sections for elastic and Compton
scattering in the relativistic photon-energy region have
been obtained in a number of papers. ®=121 In these
papers the cross sections for scattering processes with
the transfer to the nucleus of any momentum ¢, includ-
ing g~m, are computed. In® 1 pumerical computa-
tions of elastic scattering from the K shell of mercury ®?
and of Compton scattering from the K shell of lead™?’
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are carried out, Analytic calculations in the first
approximation in the Coulomb field have been carried
out for elastic™!? and Compton‘'?? scattering.

In the present paper we consider the inelastic scat-
tering of y quanta by hydrogen-like atoms, accompanied
by atomic-electron transitions from the K- to the L-
shell (Raman scattering). In the photon-energy region
w~1I (I is the ionization energy of the atom), where the
dipole approximation is valid, transitions are allowed
not to the entire L shell, but only to the 2s state. The
scattering process involving transitions to the 2p states
is forbidden. In the relativistic energy region w~m,
both processes occur at the same rate. Simple for-
mulas are obtained for the differential and total cross
sections for the indicated processes up to terms of the
order of @?Z? inclusive in the entire photon-energy re-
gion w> 1, where n=maZ is the mean K-electron
momentum, The formulas for the differential cross

Copyright © 1977 American Institute of Physics 917



