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ultraviolet harmonics of the emiss ion of ruby and
neodymium l a s e r s ) in organic compounds and genera-
tion with such compounds.

2. This method was used to solve practically com-
pletely the problem of filling the visible band. The a c -
tive p r o c e s s e s used in this case a r e organic d y e s [ 1 ] .
In the UV region, however, the use of dyes is impossi-
ble, s ince organic compounds suitable for the genera-
tion in this band should have the following basic proper-
t i e s :

a) intense absorption in the UV band (the extinction
coefficient should amount to tens of thousands of
i / m o l e - c m ) ;

b) large fluorescence quantum yield in the UV band;
c) high stability to the action of powerful UV r a d i -

ation.
All these propert ies a r e possessed by organic com-

pounds used traditionally to r e c o r d nuclear radiation
and e lectron s t r e a m s , namely sc int i l l a tors . These
propert ies of organic sc int i l lators a r e in agreement
with modern theory of the electronic s t ructure of
molecules . The molecules of aromat ic and h e t e r o a r o -
matic compounds, such as sc int i l la tors , a r e c h a r a c t e r -
ized by the presence of a well conjugated % sys tem.
The s p e c t r a l proper t ies of such molecules (at least up
to the vacuum ultraviolet) a r e determined exclusively
by 7Γ-7Γ* t rans i t ions , which explains fully the propert ies
listed above. This distinguishes them significantly
from molecules of most dyes, in which transi t ions of
other types a r e possible together with π-π* transi t ions
(e.g., η-π*) .

3. The f irst scinti l lator tested by us for the purpose
of obtaining generation was para-terphenyl dissolved
in cyclohexane [ 2 > 3 ] . Excitation of the fourth harmonic
of a neodymium laser ( λ ρ = 265 nm) yielded genera-
tion at a wavelength λ = 340 nm.

4. By now, generation was obtained with a large
number of sc int i l la tors . We used for the pumping the
fourth harmonic of a neodymium l a s e r [ 2 " 4 ] ; the third
harmonic of a neodymium l a s e r or the second harmonic
of a ruby la ser , λρ « 350 n m t 2 ) 3 > 5 " 7 ] ; the radiation of
an ultraviolet N2 l a s e r operating both in the single-
pulse reg ime and in a reg ime with a large pulse r e p e -
tition frequency [ 4 ] ; and the radiation from flash
l a m p s [ a ] .

Perhaps the only untested presently-suitable (in
principle) sc int i l la tor- laser excitation sources were
radiation-pumping s o u r c e s .

5. An important property of l a s e r s using organic
compounds in genera l and scint i l lators in part icular is
the possibility of continuously varying the generation
frequency in a very wide range . Such a variation was
real ized in a l a s e r with p a r a - t e r p h e n y l [ 4 ] . To this end,
one of the resonator ref lectors was in the form of a
diffraction grating with Ν = 200 l ines/mm. Rotation of
the grat ing led to a change of the generation wavelength
in the range 330—360 nm, i .e., the range of continuous
variation was Δλ = 300 Α (Δι/ = 2500 cm" 1) at a genera-
tion line width 7 A. F u r t h e r narrowing of the genera-
tion line is possible, down to hundredths of an
A n g s t r o m t 9 ] .

6. When account is taken of the possible frequency
variation, scinti l lator l a s e r s real ized by now fill en-
t ire ly the spect ra l region from 330 to 420 nm. There

is no doubt that sc int i l lators can be used to extend the
band to 300 nm. It is not presently obvious that s t i l l
shor ter wavelengths can be attained by this method.
There is , however, a c lear-cut other method for ob-
taining sufficiently powerful tunable radiat ion in the
region λ < 300 nm. This is the generation of summary
frequencies, by s tar t ing with organic-compound l a s e r s
and their pumping.

Calculation shows that the standard crys ta l s used
in nonlinear optics (KDP, ADP) and the already avail-
able organic-compound l a s e r s make it possible to ob-
tain radiat ion at any wavelength in the range from 215
to 330 nm. Experiments performed in this direction
have shown that the conversion efficiency is the same
as in harmonic generation, i .e., the radiation of
organic-compound l a s e r s has no part icular distinguish-
ing features capable of lowering the efficiency of mix-
ing it with the radiation of l a s e r s (or its harmonics)
used for pumping.
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A. P. Sukhorukov. T h e r m a l Self-action of Intense
Light Waves

The propagation of light waves in absorbing media
was investigated until recently within the framework
of allowance for the complex character of the dielec-
t r i c constant. Yet in the case of intense waves it is
impossible to d isregard the other side of the diss ipa-
tion p r o c e s s e s , namely the heating of the medium. The
change in the proper t ies of the medium with increasing
t e m p e r a t u r e , part icularly of the refractive index,
η = n 0 + (dn/dT)T, can greatly influence the conditions
for propagation of bounded light b e a m s . Indeed, uneven
heating of the medium leads to the formation of thermal
lenses that a r e continuously distributed along the beam.

As shown by recent investigations, t h e r m a l effects
play a predominant role among other self-action
mechanisms, such as the high-frequency K e r r effect,
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and e lectros t r ic t ion. Among the distinguishing features
of t h e r m a l self-actions we can point to the following:

1. T e m p e r a t u r e changes of the refract ive index a r e
equally effective in al l media: liquids, sol ids, and
gases, with dn/dT = 1 ( Γ 4 - 1 ( Γ 6 deg" 1.

2. T h e r m a l self-action plays a major ro le not only
in media with large absorption (δ ~ 0.1 c m " 1 ) , but
also in practically t r a n s p a r e n t media (δ « 1 k m " 1 ) .

3. The appearance of thermooptical effects can be
entirely different, depending on the sign of the deriva-
tive dn/dT. In media with dn/dT < 0, Gaussian beams
become self-defocused, and in media with dn/dT > 0
they a r e self-focused.

4. T h e r m a l lens effects a r e observed both in fields
of continuous radiation with power ~1 W, and in fields
of powerful pulses with energy ~1 J . It should be
part icular ly emphasized that t h e r m a l self-action put
an end to the monopoly of pulsed sol id-state l a s e r s in
the self-focusing region.

5. It should also be noted that the action of t h e r m a l
lenses in liquids and gases depends on the motion of
the medium due to convection or extraneous sources
(wind, c u r r e n t s ) . This gives r i s e to a new phenomenon,
the bending of the light beam by a l a te ra l wind.

The paper considers a number of problems studied
in the Physics Department of the Moscow University 1 1 " 4 1 .
It should be stated that our investigations were car r ied
out in paral le l with investigations by other Soviet and
foreign physicists (J. R. Whinnery, A. G. Litvak, Yu.
P. Raizer , P. L. Kelley, and others) , who made large
contributions to the investigated problem.

Let us consider now the main laws governing the
course of t h e r m a l self-action under different condi-
tions .

1. Thermal self-focusing in solids and LiNbO3

(dn/dT > 0). This c lass of substances includes various
types of g lasses , the crysta l LiNbO3, and o t h e r s .
Some problems in the theory of t h e r m a l self-focusing
were first considered by Li tvak [ 6 ] .

a) Stationary r e g i m e . The distance over which a
beam would become focused as a resul t of only non-
l inear refraction can be calculated in simple manner
on the bas is of the well known formula for inhomogene-
ous media

Λ τ : ~ α ( « 0 / | Δ : ι j ) 1 2 , ( 1 )

where Δη = (dn/dT)AT, ΔΤ is the t e m p e r a t u r e dif-
ference at the center of the beam and on its periphery,
and a is the beam rad ius . In this case ΔΤ « δΡ/κ and
Rx « a [ n o « / ( d n / d T ) 6 P ] ^ 2 (κ is the thermalconduc-
tivity coefficient and Ρ is the beam power). However,
the beam propagation is always influenced by diffrac-
tion effects that tend to extend it over lengths on the
order of Rd = ka 2 /2, where k = 2ττ/λ is the wave num-
b e r . For thermal self-focusing of a beam with diffrac-
tion divergence it is necessary to have Rx < R(j, or
the input power of the beam should be larger than the
cr i t ica l value

/>„ = />.„, [ I — i 'xp(—6/? d lJ-", P^ ^ λ κ Μ π , ί / Γ ) - 1 . ( 2 )

In g lasses , Ρχ, = 0.01 W and the necessary laser-beam
power does not exceed a fraction of a watt. We reca l l
that in the case of Kerr self-focusing in liquids we have
P c r ~ 100 W, and in s t r ict ion self-focusing P C r
» 1 MW.

The field at the focus is l imited as a resul t of atten-
uation of nonlinear refract ion forces relat ive to the
diffraction forces with decreasing beam radius
( R x / R d ~ a " 1 ) . Since the nonlinearity of the medium
increases with increasing absorption, and the beam
power d e c r e a s e s , there is an optimal loss of about 50%
of the input power, at which the intensity at the focus
is maximal .

In stationary t h e r m a l self-focusing, there is no
splitting into filaments as in the case of the K e r r non-
l ineari ty. The reason is that the large-scale inhomo-
geneities of the wave become self-focused more
rapidly (increment ~ ( R x - R | ) 1 / 2 ) ; consequently, the
beam as a whole collapses before its perturbations
have t ime to develop.

T h e r m a l self-focusing was first observed in 1967 at
our laboratory, in the passage of an argon-laser beam
with Ρ < 1 W through a thin LiNbO 3 c rys ta l 4 mm
long'1-'. In subsequent experiments with long samples
of glass, 10—30 cm long, conditions of internal self-
focusing were real ized (first in the USA t 8 ) 9 ] and some-
what la ter by our group1-3-').

b) Nonstationary r e g i m e . The t e m p e r a t u r e gradient
is established in the beam after the s tar t of the laser
pulse, within a t ime

t . r ^ | . r > = , x . • ( 3 )

(at a = 1 mm in g las ses , τ χ « 1 sec) . Obviously, for
pulses of duration τ ρ <C τ χ the t h e r m a l conductivity

becomes negligible and ΔΤ = ( δ / τ χ ) j Pdt. In this
-oo

case the focal distance RT(t ) d e c r e a s e s monotonically
during the t ime of the pulse, and the minimal self-
focusing length depends on the total pulse energy. For
this reason, the condition for the nonstationary self-
focusing contains the energy, which is connected with
the cr i t ica l power by the relat ion

H'cr /'crtr- (4)

Usually it is necessary to have initial energies
~0.01 J . In the focal region, where the beam radius
d e c r e a s e s strongly, the t ime of the nonstationary r e -
gime becomes quite smal l and the mechanism of
t h e r m a l conductivity begins to play an important ro le ,
limiting the field at the focus (af ~ a ( T p / r x ) 1 / 2 ) .

The foregoing features of t h e r m a l self-focusing of
the pulses a r e important, in part icular in the study of
the picture of crys ta l breakdown 1 1 0 ] .

2. Liquids. In liquid media, as a ru le , dn/dT < 0,
which leads to defocusing of the continuous radiation.
The cr i t ica l power, just as in the case of solids,
amounts to a fraction of a watt.

Liquids have been the subject of the largest number
of both experimental and theoret ical s tudies . Studies
of t h e r m a l self-focusing date back to 1965 [ 5 ] . By now
there has been developed a detailed theory of most ob-
served phenomena. An analysis has been made of
spher ical aberrat ions of t h e r m a l lenses , of the depend-
ence of the beam divergence on its power, absorption,
and length of the medium.

The last of these effects is the bas i s of a procedure
for measur ing extremely smal l absorptions by pure
liquids, δ ~ 10~4 cm" 1 , by investigating the far field of
a beam passing through a cell with the liquid.
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The defocusing picture becomes strongly distorted
when convective s t r e a m s a r e produced, especially if
the beam propagates horizontally.

The theory of nonstationary defocusing of pulses
was f irst developed by R a i z e r [ 7 ] . He analyzed the
competition between t h e r m a l defocusing and the Kerr
effect, as well as other features of these phenomena.

3. Gases . Temperature variations of the refractive
of gases, for example a i r , a r e also quite la rge : dn/dT
«s 10"6 deg"1. However, the absorption of pure dry a i r
in the t ransparency windows is exceedingly smal l :
δ » 0.1 km" 1 . For a narrow beam with a «s 1 mm and
λ « 1 μ we have 6Rd * 10~4, i .e., only 10~4 of the input
power is absorbed in the F r e s n e l zone of the b e a m .
Therefore, although Ρ Μ = 0.01 W as before, the c r i t i -
cal powers increase strongly, to 100 W. Thus, under
laboratory conditions, t h e r m a l effects in a i r become
manifest at the level of the continuous-radiation power,
~ 1 kW. In the nonstationary case (Tp < τ^) we have
W w = 10~4 J and W c r » 1 J .

Under natural conditions, the situation changes sig-
nificantly, owing to the constant presence of winds with
velocity ν » 1 m / s e c . The incoming wind s t r e a m be-
comes heated in the region of the beam within a t ime
T W * a/v, and then leaves this region, carrying away
the t h e r m a l l enses . On the windward s ide, the medium
is colder, and the refractive index is l a rger than at the
center of the b e a m . As a resu l t , the light beam becomes
deflected in a direction opposite to the motion of the
absorbing medium (in a medium with dn/dT > 0 the
beam would be deflected in the wind direction). This
effect was observed experimentally in liquid
streams'- 3 1 .

The cr i t ica l wind velocity (from the condition i w
= τ χ ) is inversely proportional to the beam radius
( in a i r v ( m / s e c ) « 1/lOa (mm)). We see that natural
wind will practically always influence the thermal
self-action of continuous radiat ion. When wind is taken
into account, the cr i t ica l power of t h e r m a l effects in-

c r e a s e s strongly, by one or two o r d e r s of magnitude:

Pcr,w = P c r T T / T w ·
In the case of propagation of a short pulse (τ ρ

•C r w ) , the influence of the wind is negligible, and the
increase of the pulse energy over the cr i t ical value (4)
is important.
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