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A multiphoton mechanism of absorption of electromagnetic radiation from an optical oscil-
lator in the laser crystal itself is considered. An estimate is made of the limiting power of
optical oscillators utilizing GaAs and ruby crystals due to the internal photoeffect in these

crystals.

THE operation of the usual quantum oscillator
(and also amplifier ) occurs at the expense of neg-
ative absorption of electromagnetic energy in
single-photon transitions between two ‘‘working’’
levels of the active substance. All methods of ob-
taining negative absorption in a medium (both
those that have been practically realized already
and also other conceivable ones) enable one to
achieve this goal only with respect to the ‘‘work-
ing’’ transition and, perhaps, with respect to other
transitions sufficiently close to it. The creation

of negative absorption in the system with respect
to all quantum transitions in it is, as is well known,
impossible in principle. This circumstance leads,
in particular, to the result that the multiphoton
processes possible in the active substance of the
oscillator in which ! quanta hw participate simul-
taneously (I =2,3,...,w is the frequency of os-
cillation close to the frequency of the ‘‘working’’
transition) occur, generally speaking, accompanied
by absorption of energy.!

It is evident that this effect places a theoretical
limit on the growth of power of a quantum oscilla-
tor. The latter follows from the fact that the prob-
ability of a single photon (working) transition in-
creases linearly with the energy density of the ra-
diation p(w), while the probability of a multipho-
ton transition is ~pl(w) (1=2,3,...).

It is clear that the aforementioned effect can
have practical significance only for optical quan-
tum oscillators, and primarily in solids. The ex-
clusion of gas lasers is due to the relatively high
ionization potentials of atoms of which the gener-
ally used gas mixtures are composed (usually

DAt present we leave out of consideration multiphoton pro-
cesses in which quanta of different frequencies participate
simultaneously (in particular, Raman scattering).

greater than 15 eV) so that multiphoton ionization
in these mixtures becomes significant only at fields
of the order of 10® v/cm and higher. But such ra-
diation densities cannot be attained in gas lasers
for other reasons. As regards multiphoton tran-
sitions between discrete levels of atoms which re-
quire a smaller number ! of quanta, they can be
realized only in specially selected mixtures con-
taining atoms with transition frequencies wyy, very
close (due to the narrow line width) to the fre-
quency lw. A special case can be presented by
molecular gas mixtures with a relatively long
wavelength edge of an absorption band. For exam-
ple, the presence of polar molecules can lead to
two- or three-photon dissociation occurring at a
relatively low radiation density (1],

Crystalline solids are characterized by having
many absorption bands. In future for the sake of
simplicity and definiteness we shall restrict our-
selves to taking into account only those absorption
bands which are due to the band structure of the
electronic spectrum of the crystals, i.e., to
band transitions or to impurity-band transitions. It
is clear that the effect under consideration will be
most pronounced in lasers utilizing semiconductors
for which the value of the quantum being generated
hw is close to the width of the forbidden band A
(i.e., in particular, for all the injection lasers
known at present). For them there always exist
(of course, only provided the width of the conduc-
tion band is not smaller than the width of the for-
bidden band A) two-photon absorption processes
leading to the creation of electron-hole pairs. If
the recombination time of nonequilibrium carriers
is large compared to the slowing down (thermali-
zation) time of electrons (holes) down to states
close to the degenerate state, then for each ele-
mentary act of simultaneous absorption of two
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quanta hw only one quantum of energy will be
transferred to the lattice; the other will be ex-
pended in increasing the inverted population of the
“‘working’’ transition (cf., the review article of
Basov et al.[2]),

On the basis of the paper by Keldysh 3] it is not
difficult to make an estimate of the limiting inten-
sity of the field Ejjy in a p-n junction in a semi-
conductor laser. In order to do this we calculate
the coefficient of absorption per unit length a®
due to two-photon absorption. We have:

a® = 4no® [ nc,

(1)

where c¢ is the velocity of light, n is the index of
refraction inside a p-n junction, o¢® is the effec-
tive additional conductivity due to the two-photon
absorption which is determined by the condition

0PE? = 2how®, (2)

Here w®) is the number of electron-hole pairs

created per unit volume per unit time as a result
of the two-photon process. This quantity has been
calculated by Keldysh (cf., formula (41) in [3])
and up to a factor of the order of unity has the form
32 e2EZ \2
) ( mo?A )
where m is the reduced mass of the electron and
the hole (m™! = mél + mfli).

Formulas (1)—(3) lead to the following expres-
sion for the absorption coefficient a®):

)

nc

The order of magnitude of the value of the lim-
iting field intensity E]iy is determined by the con-
dition a®) = &, where « is the amplification coef-
ficient in a p-n junction taking into account all the
“‘linear’’ energy losses.?) The value of & for a
semiconductor laser is approximately equal to
200 cm™!. Setting w =2 x 10%% ¢/sec, A ~ 1.5 eV
(gallium arsenide), n = 3, we obtain Ejj, ~ 5
X 10° V/cm. From this the limiting power gener-
ated by such a laser calculated from the formula
Plim =~ cE1im?S/47 (S is the area of the ends of
the p-n junction of order of magnitude 10~% cm?)
is equal to 10 kW.

It is of interest to carry out an analogous esti-
mate of the limiting power for a ruby laser, al-
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2)The value of E{im obtained in this manner will always be
too high due to the fact that actually the maximum of the radia-
tion density in a laser must occur before the condition a )= a
is satisfied.
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though possibly in this case the power generated is
limited by an entirely different mechanism. For
ruby the width of the forbidden band is equal to

5.95 eV, which corresponds to four-photon absorp-
tion. However, we shall consider the more probable
process of ionization of Cr*** impurities corre-
sponding to three-photon absorption with a transi-
tion from the 2E metastable state into the conduc-
tion band.® Since in this case ionization of a dis-
crete level is taking place we shall utilize for mak-
ing an estimate of the probability of simultaneous
absorption of three quanta hw = 1.78 eV the for-
mula obtained for isolated atoms [cf., [3], formula
(21)].

The number of electrons formed per unit vol-
ume of the conduction band per unit time is given
up to a factor of the order of unity by

IO 3y eZE’Z 3

where N ~ 10 ecm ™ is the density of chromium
ions, Iy ~ 3.85 eV is the ionization potential of the
2E level. On the basis of formulas (1) (with the
index 2 replaced by 3), (5) and of the relation
o®E? = 3hiww®, we obtain (n = 1.78)
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For a ruby laser the amplification coefficient is
! From this we obtain Ejjy =~ 107 V/cm.

w® 70N<o( )
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(6)

a~lcm™.
The limiting power in this case turns out to be
equal to (S = 1 cm?) Pjy, ~ 2 x 10° MW,

Thus, the limiting power which can be removed
per unit volume of a semiconductor laser (specific
power) is lower by approximately a factor of one
thousand compared to the limiting specific power
of a ruby laser.
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3)The 2E level lies at approximately 2.1 eV above the edge
of the valence band (cf.[*]).





