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The studies are reviewed on a new type of lasers whose active medium consists of vapors of complex organic
compounds. We first present the fundamental facts of the spectroscopy of free complex molecules. Then we
analyze the potentialities of gaseous media based on complex molecules for amplifying and generating
radiation. A list is compiled of complex organic compounds that give laser action in the vapor, and also
criteria are formulated for seeking new ones. The properties (spectral composition, frequency retuning,
efficiency, divergence, polarization) of the radiation generated by vapors are examined in detail. Special
attention is paid to the effect on the characteristics of lasers of added chemically inactive gases, the

introduction of which into the vapor of the active molecules does not alter the advantages of the gaseous
medium, and considerably improves the fundamental characteristics of the radiation being generated. We
show that lasers based on vapors of organic compounds are an important instrument for studying complex

molecules.
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1. INTRODUCTION

Laser action in complex molecules in the gas phase
was first reported in 1973.' The active medium was the
vapor of 1, 4-di[2-(5-phenyloxazolyl)] -benzene (POPOP)
stabilized with an added gas, for which pentane was
used. The radiation of the second harmonic of a ruby
laser was used for pumping. The possibility of ob-
taining laser action based on complex organic com-
pounds in the gas phase had been previously discussed
in Ref. 2.

In 1974 Refs. 3-7 were published, which reported
laser action with optical pumping in vapors of POPOP,
1, 4-dil2-(5-p-tolyloxazolyl)j-benzene (TOPOT), and
dimethyl-POPOP, and which studied certain properties
of the generated radiation.

A considerable number of papers have appeared up to
now on the theoretical study of the lasing capability of
vapors of complex molecules, on the search for new
classes of complex organic compounds that lase in the
gas phase, and on studying the properties of the gen-
erated radiation. The aim of this article is to review
the results accumulated in this field.

In their nature, the vapors of complex molecules as
an active laser medium are closest of all to solutions
of organic compounds (dyes), in which laser action has
been obtained by Sorokin and Lankard,® and by Stepanov,
Rubinov, and Mostovnikov.®

Complex molecules in the vapor and in solution have
broad luminescence and absorption bands. Therefore
frequency retuning of the generated radiation over a
considerable interval and the use of various sources of
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optical radiation for pumping are characteristic of both
typesof lasers. Owingtothe broadset of active organic
compounds, one can easily obtain laser action in vari-
ous regions of the spectrum. An advantage of these
types of lasers of no small importance is the low cost
and availability of many organic compounds.

Moreover, the vapors of complex molecules possess a
number of specific properties. The spectral-lumines-
cence characteristics of complex molecules in the gas
phase (they will be discussed in Sec. 2) differ substan-
tially from the analogous characteristics of condensed
media. Therefore they also differ in their laser charac-
teristics.

The spectra of vapors are usually shifted toward the
ultraviolet with respect to the spectra of solutions. This
enables one to obtain laser action at different, shorter
wavelengths. By using lasers based on vapors of com-
plex molecules, one can generally penetrate into the
shorter-wavelength ultraviolet region in which the sol-
vents themselves absorb. A feature of gas lasers of no
small importance is the high optical homogeneity of the
active medium, whereby the generated beam has rela-
tively small divergence. The low density of the gaseous
medium enables one to circulate it through the active
zone of the laser at a high rate,

In order to convert complex organic compounds into
the gas phase, one must heat them under vacuum condi-
tions to temperatures of 450-650 K. An extra heating
of the molecules arises with high-power pumping, and
this leads to an increased radiationless loss of mole-
cules from the excited electron state, and in a number
of cases—to thermal and photochemical decomposition
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of the active medium. An added gas was used in the
very first laser based on vapors of complex molecules
to diminish these negative phenomena.'

Up to now, pumping in lasers based on vapors of com-
plex molecules has been carried out with sources of
optical radiation. The gaseous medium enables one to
pump in a discharge also with an electron beam, i.e.,
to realize direct conversion of electrical energy into
light energy. Intensive searches are currently being
conducted along this line.

2. SPECTRAL-LUMINESCENCE CHARACTERISTICS
OF FREE COMPLEX MOLECULES

A characteristic feature of complex molecules as
polyatomic dynamic structure is not only the aggregate
of many electron and vibrational states, but also the
strong coupling of the vibrations with each other and
their interaction with the electron and rotational mo-
tions. On the one hand, this leads to a high efficiency
of conversion of light by complex molecules, and on the
other hand, to a smearing of the line structure of their
electron-vibrational-rotational (electron) spectra. They
become diffuse or continuous. Therefore the employ-
ment of methods developed in the spectroscopy of simple
molecules for analyzing the emission and absorption
spectra of complex molecules offers only highly limited
information on their energetics and structure.

In the twenties Vavilov!® began to develop new spec-
tral-luminescence methods for studying complex mole-
cules of dyes in solution. Subsequently he proposed
using the spectra of the quantum yield and duration and
polarization of luminescence to describe their proper-
ties, in addition to the luminescence and absorption
spectra. These concepts and the discovery by Terenin'!
of the nature of the metastable state enabled the estab-
lishment of a number of general laws of conversion of
light energy by solutions of complex organic compounds,
in particular, the independence of the luminescence,
quantum yield, and duration of luminescence spectra of
condensed media of the wavelength A, of the exciting
radiation. These laws arise from the strong interac-
tion of the complex molecules with the molecules of the
medium. Owing to the intermolecular interactions, an
equilibrium distribution of the excited molecules over
the vibrational levels determined by the temperature T
of the medium is established within the lifetime of the
complex molecules in the excited state, independently
of the energy of the quanta that they have absorbed.

The spectral-luminescence characteristics of condensed
media are averaged and lose many of their individual
features. The medium impedes the separation of the
intermolecular and intramolecular interactions, and it
transforms the system of electron levels.

Studies of the luminescence of polyatomic molecules
in the gas phase, where they practically do not interact
with one another, were started by Terenin and Neporent
in the thirties. The status of the problem up to 1936
was reflected in a paper by Terenin.!? The role of the
vibrational energy in the luminescence of the vapors of
complex molecules has been treated in a review by
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Neporent and Stepanov.!®* A monograph'* has been de-
voted to the spectroscopy of free complex malecules.

In rarefied gases and vapors (the time of free flight
of the molecules being greater than the lifetime of the
excited state), the excited molecules exist in the free
state and do not interact with the environment. The ex-
cess or deficit of vibrational! energy (with respect ta the
equilibrium state) that arises in the molecules in the
process of absorption of a light quantum is conserved
in it during its lifetime in the excited state. This leads
to a strong dependence of the spectra of fluorescence,
quantum yield, duration of the excited state, and other
characteristics of the molecules in the gas phase on the
energy hv of the absorbed quanta. The spectral-lumi-
nescence characteristics of free complex molecules
are more individual, and they bear important informa-
tion on the structure and energetics of these molecules.

Figure 1 shows the fluorescence spectra of vapors of
anthracene, POPOP, and 3, 6-diaminophthalimide for
different wavelengths A___ of the exciting radiation. As

€Xc

the energy of the exciting quantum increases, a spec-
trum with a marked vibrational structure undergoes con-
siderable changes. The maximum of the spectrum shifts
toward longer wavelengths, the half-width increases,
and the vibrational structure is smeared out. Struc-
tureless (continuous) fluorescence spectra only broaden
as A,,. decreases.
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FIG. 1. Fluorescence spectra of vapors as functions of the

wavelength Ag. of the exciting radiation. a) anthracene!*

(1 ~Xeze=365, 2 ~313, 3—248 nm; T =503 K, p=0.05 Torr);
b) PCPOP?! (1—Agxc=334, 2—296 nm; T =458 K, p=0. 02 Torr);
c) 3,6-diaminophthalimide’® (1 —24y=436, 2 ~ 265 nm; T =538
K, p=0.05 Torr).

N. A. Borisevich and V. A. Tolkachev 866




L

& I 1 L
GeI0 20000 22000 245000 25000 28000 v, cm'1
a)

.em’

FIG. 2. Fluorescence (1 and 1’) and absorption (2 and 2)
spectra as functions of the temperature T of the vapors. a)
3, 6-diaminophthalimide (1 and 2—-7T =563, 1’ and 2' — 653 K,
1 and 1/ = Agge=436 nm); b) POPOP?! (1 ~T =458, /- 733, 2
=573, 22 =673 K; 1 and 1"~ Agge=334 nm).

Analogous deformations of the fluorescence and ab-
sorption spectra of vapors are observed with varying
temperature (Fig. 2).

The dependence of the quantum yield ¥ of fluorescence
of vapors on the frequency of the exciting radiation
(quantum-yield spectrum) is illustrated by Fig. 3. As
the energy of the quantum absorbed by the molecules
increases, the fluorescence yield declines. The dura-
tion of luminescence T of the vapors also varies ap-
proximately proportionally to ¥. Increase in tempera-
ture is accompanied by an analogous variation in these
spectral-luminescence characteristics of the vapors of
complex molecules. We should note that the quantum
yields of the vapors of a number of compounds attain
high values in the long-wavelength excitation region.

The optical complexity of a molecule is determined
mainly by the degree of interaction of the eigenvibra-
tions participating in the electronic-vibrational transi-
tion with the other vibrations, which constitute the in-
ternal “heat reservoir”. In complex molecules, com-
plete redistribution of the vibrational energy occurs
withinthe lifetime inthe electronically excited state.* ™"
Therefore free complex molecules are characterized
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FIG. 3. Quantum yield (1) and absorption (2) spectra of vapors.

a) 3,6 tetramethyldiaminophthalimide (T =558 K); b) 3, 6-diam-
inophthalimide® (T =538 K); c) POPOP? (1-~T =543, 2-573 K).
(in all three diagrams, right-hand scale of ordinates is: lognrel )
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by the principle of equivalence of optical (frequency of
the exciting light) and thermal (temperature) methods
of varying the supply of vibrational energy'®: the spec-
tra of fluorescence, quantum yield, and duration of the
excited state of complex molecules depend on the gen-
eral supply of vibrational energy of the excited mole-
cules, rather than on the method of introducing it. The
establishment of this principle has enabled the develop-
ment of optical methods of determining the vibrational
heat capacity of excited molecules from quantum-yield
spectra'® and from fluroescence spectra.'®?°

The decline in the quantum yield and duration of fluo-
rescence of vapors with increasing supply of vibrational
energy (increasing v.,. and T) of excited molecules in-
volves the increased probability of radiationless tran-
sitions,'®23-26,11 The quantum yield » and the duration
T of luminescence are determined by the expressions

N

i
R

— o)
1
Ard" (2)

Here A and d are the generalized probabilities of radia-
tive and radiationless transitions, respectively. The
generalized probability A practically does not depend on
the supply of vibrational energy AE* of the excited
molecules. The probability d of radiationless transi-
tions increases exponentially in most cases with in-
creasing AE*,'%?? These dependences differ when

the molecules are excited in different electronic ab-
sorption bands, 27282514

One also encounters complex molecules for which ¥
and T remain constant®*' with increasing AE*, or even
increase.’?* This involves constancy or decline of
the probability of radiationless transitions.>*

Two pathways of radiationless degradation of the ener-
gy of electronic excitation can occur for complex mole-
cules: radiationless transition of singlet excited mole-
cules to the triplet state (intercombination conversion),
and direct radiationless transition of molecules from
the singlet excited state to the ground state (internal
conversion). It has recently been possible to elucidate
the role of these channels in the radiationless degrada-
tion of absorbed energy in free complex molecules,®-%
For most molecules both intercombination and internal
conversiontake place. For example, inthe phthalimides
(7 and 7 decline with increasing AE*) the probability of
intercombination conversion increases most rapidly
with increasing supply of vibrational energy. In the
case of anthracene vapors (¥ and 7 independent of v,
and T), the sole pathway of degradation of electronic
energy is intercombination conversion, whose probabil-
ity does not depend on the supply of vibrational energy
of the excited molecules. In 9, 10-dimethylanthracene
the increase in the quantum yield and the duration of
fluorescence with increasing supply of vibrational ener-
gy of the singlet excited molecules arises from the fact
that the probability of internal conversion declines more
rapidly than that of intercombination conversion in-
creases. In general, for all the studied free molecules
except for antracene, one observes an increase in the
probability of intercombination conversion with in-
creasing energy supply AE* of the excited singlet mole-
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cules. Yet the probability of internal conversion can
either increase or decrease.

We can see from what we have presented above how
important it is to know the supply of vibrational energy
of the excited molecules. A detailed analysis of the ab-
sorption process has shown®™? that the mean excess or
deficit of vibrational energy (as compared with equilib~
rium) that arises in free molecules after absorbing the
quantum kv does not equal the difference hv -hv, (hv,
is the energy of the pure electronic transition). This in-
volves the fact that the statistical set (ensemble) of
molecules which have a broad distribution of vibrational
energies E of the ground state, participates in the ab-
sorption process and the Einstein coefficient for ab-
sorption B(E, v) depends on E. Also, molecules whose
energy is E< hv, - hv cannot participate in absorbing
frequencies ¥< v,,. The mean electronic-vibrational
energy actually acquired by the molecules in absorbing
the quanta kv has been called the effective excitation
energy EY;. It equals the difference between the mean
electronic-vibrational energy E¥ of the molecules en-
tering the excited state after absorbing the quanta hv
and the mean vibrational energy E of the molecules in
the ground state:

Ely =EB—Z. (3)

The difference between the effective excitation energy
and the energy of the absorbed quantum

AE =E%; —hv (4)

has been called the selective energy, since it arises
from the conversion, selective with respect to the ener-
gy E in the ground state, of molecules to the excited
state upon absorbing the quanta hv. It has been found
theoretically that the selective energy is

2 Inx
1 vy (5)
kT

AE = —

a

Here %, is the absorption coefficient, and % is the Boltz-
mann constant. Thus, if we know the dependence of the
absorption spectra of free molecules on the temperature
T, one can determine the selective energy AE’ and find

Edy .

By studing the temperature-dependence of the fluo-
rescence intensity W(v,) over the spectrum, one can
gain information on the dependence of the mean energy
of the fluorescing molecules E}(v,) on the frequency v,
in the fluorescence spectrum for different frequencies
v of the absorbed radiation®®:

d

1
Y

lnW(v,)=E, (v;)— E—hv=AE;(v1). 6)

Here E is the mean energy of the molecules in the
ground state, which is independent of v and v,. By
analogy with (3), the difference

Ex(vi)— E=E% o (1) (1)

has been called the effective excitation energy of the
molecules that emit fluorescence at the frequency v,.

Figure 4 shows the spectra of the effective excitation
energy E¥x and the effective excitation energy E . (v,)
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FIG. 4. Effective-energy spectra.™ a) 3, 6-tetramethyldiam-
inophthalimide (1 — fluorescence spectrum, 2— absorption spec-
trum, 3 - effective excitation energy Efy, 4—6 - effective exci-
tation energy E¥ ot (v,) of the molecules emitting fluorescence
for respectively g =365, 436, and 546 nm); b) perylene

(1 - fluorescence spectrum, 2 — absorpiton spectrum, 3 - effec-
tive excitation energy E¢, 4,5 - effective excitation energy
E:m(v,) of the molecules emitting fluorescence respectively
for Aezc=365 and 436 nm). The dotted lines 4’, 5, and 6’ cor-
respond to the values of Ef¢ for the chosen Agge.

of the fluorescing molecules for vapors of 3, 6-tetra-
methyldiaminophthalimide and perylene. The difference
between the effective excitation energy E7; and the ef-
fective excitation energy Ef ,, of the fluorescing mole-
cules at a given frequency of exciting radiation arises
from the degree of dependence of the radiative and
radiationless transitions of the excited molecules on its
supply of vibrational energy.

The selective- and effective-energy spectra that
have been introduced in spectroscopy supplement the
luminescence and absorption spectra and enable one to
extract important information on the energetics of com-
plex molecules. In particular, an analysis of them in-
dicates that EY, is practically constant in the anti-
Stokes excitation region, and differs considerably from
the energy hv of the absorbed quantum, and that the
wings of the electronic absorption and fluorescence
bands stem from optical transitions preferentially of
the high-energy (“hot”) molecules. By analyzing the
selective-energy spectra one can draw conclusions con-
cerning the number of electronic-vibrational bands in a
complex absorption spectrum and find the frequencies
of the pure electronic transitions.***® For electronic
levels above the first excited level, this proves to be
the only method. Selective-energy spectra have been
calculated theoretically in Refs. 44 and 45.

Up to now we have been treating the spectral-lumi-
nescence properties of rarefied vapors (sometimes one
uses the term “pure vapors”). If one mixes the vapor of

N. A. Borisevich and V. A. Tolkachev 868




P Torr

W, 200
T

400 ATorr J50

4 20

y 220 430
2

01k 5

1 ho—o—m—o—m— o
% a8 0
c)

FIG. 5. Effect of pentane on the fluorescence of vapors.

1 Rezc=253, 2~265, 3—280, 4—302, 5~ 313, 6-365, 7—405,
8§~-436, 9-492, 10~ 520, 11~546 nm. a) 8 -naphthylamine'®
(vapor pressure p =0. 53 Torr; T =423 K); b) 3, 6-tetramethyl-
diaminophthalimide (p =0. 59 Torr, T =516 K); c) 3-dimethy-
lamino-6~aminophthalimide™ (p=0.54 Torr, T =503 K),z —num-
ber of collisions per second of excited molecules with pentane
molecules, P - pentane pressure, W, —the same in the pres-
ence of the added gas, v — absolute values of the quantum yield.

the complex molecules with various chemically inactive
added!’ gases at different pressures, one can vary the
nature and intensity of the action on the complex mole-
cules within broad limits. That is, one can model the
effect of the medium and study the intermolecular inter-
actions. The studies along this line have led to the dis-
covery of the phenomenon of stabilization-labilization

of electronically excited polyatomic molecules,?% 151748

The interaction of the complex molecules with the
added gases enhances the fluorescence excited by radia-
tion having a frequency v, greater (curves 1-7 in Fig.
5) than the inversion frequency v, . The opposite re-
lationship between these frequencies weakens the
fluorescence {curves 9-11). If the excitation is per-
formed with v, .=v_ , the added gas exerts no influence
on the fluorescence of the vapor (curve 8). It has been
proved that the enhancement of fluorescence involves
stabilization (increased stability) of the electronically
excited molecules owing to transfer from them to the
added molecules of the excess supply of vibrational
energy. This diminishes the probability d of radiation-
less deactivation of the electronically excited mole-
cules. The weakening of fluorescence is due to labiliza-
tion (decreased stability) of the excited molecules as a

DSometimes one uses the term “buffer gas” instead of “added
gas”. In the spectroscopy of atoms and simple molecules,
a buffer gas plays a different role. Therefore it is more cor-
rect in the spectroscopy of complex molecuies to employ the
specially introduced term “added gas™.
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results of reverseenergy transfer, which increases the
probability of radiationless deactivation., The inversion
frequency is the frequency for which no change in the
supply of vibrational energy of the molecules occurs
upon excitation. Thus the possibility has been opened
up of controlling the degree of stability of the excited
state of complex molecules.

Analysis of the stabilization-labilization phenomenon
has enabled the development of methods of determining
such important characteristics of molecules as the in-
version frequency v,,, the mean amount of vibrational
energy AEY transferred in a single collision of an ex-
cited molecule with a molecule of the added gas, and
the accommodation coefficient @, which characterizes
the degree of approximation of the system of colliding
particles to an equilibrium distribution of vibrational
energy among them.

As an example, Table I gives the results of deter-
mining AEY and a with allowance for the differences in
the long-wavelength region between the exciting quantum
hv and the effective excitation energy EX;. For the 8-
naphthylamine molecule only the stabilization region has
been studied. Therefore all the values of AE} are posi-
tive. In the case of 3, 6-tetramethyldiaminophthalimide
(Ve = 22950 cm™), the negative values of AE} corre-
spond to the labilization region, and they characterize
the transfer of vibrational energy to the electronically
excited molecule from a molecule of the added gas. The
table illustrates the dependence of the amount AE} of
transferred energy and the accommodation coefficient
a on the frequency of the radiation exciting the fluo-
rescence, i.e., on the supply of vibrational energy of
the molecule being excited, and also on the type of
molecule of the added gas. It has turned out that trans-
fer of an excess of vibrational energy (v, > v,,) by
the electronically excited molecule to 2 molecule of the
added gas occurs more efficiently than a compensation
of 2 deficit in it (Veye < Vi, ). As |AE*| increases and

TABLE 1. Mean amount of vibrational energy AET (in cm™1)
transferred in collisions of excited molecules with molecules
of added gases, and the accommodation coefficient a.

Aexc = 3129 nm a02.2 280.4 265.2 2547
vexe ® 31930 0wt 133090 33600 37680 39300
Added gas abs = 2730 om? 3890 6460 8460 10200
aer « aerla | AE¥ | o | AEF| « [ «
g-naphthylamine

He (T =423K) _ — — — — — 30 [ 0.0g 30 [ w.ng
H, (T=423K)| — — | = ]=] = {—= o003l 3s]oos
. (T=439K)| — =0 i) Tl ey — ) =
N T =423K) — — - | = 50 fo,uzl 9 olto 176 | .16
€O, (7423K) — — — | = 120 [v42f 430 [ 0.35 | 630 | .43
NH, (T=423K) 20 n.ug Su o odh 490 o 2al 750 1 63 | 44un e 8u
NH, (T =463 K) 20 [IRY-) 50 [0.09 460 [B.48[ Gm 077 | 1250 | 0.90
CHl, (T=423K) | 1fn | 216 | 50 [017) 3w J0.22] 950 | 0.55 | 16w | 0.8
CyHy, (T =423K) &t g b 12a a8l oo 0,434 1150 | .37 | 1950 | 0,52
C,Hy, (T=463K) 30 a5 [ oo Jooo7f 33 1o 14] 1330 | 044 | 1900 | 047
CeHe (T =423K) — — — — | 300 A7 1150 0,52 | 3 b 148

b xexc =520 mm 42 436 403 465

Vexc * 20,400 cm ™! 20300 22950 24690 27400

Added gas \ af®=-2,550 cm --2450 0 1750 4460

‘ ey | e aEp [« | aBF [ o | aEF IEREEE

3 .6-tetramethy diaminophthalimide
_\'2 —16 0 qo —24 i 15 m — 4u | o 40 {0 [ 0,39
NHy; (T=3516K) —65 | v.26 | 7329 o — 80 | 050 [ 360 | 0.8
Cellyy 135 | 018 | —toaf13l o — | 350 {074 | 1o | 0073
CeHyz (T =608 K) —=65 | o [—tgu o2 — 7 a | o851 950 | wTo
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FIG. 6. Fluorescence and absorption spectra of 3-methylam-
inophthalimide at different ether concentrations and tempera-
tures®! (the conditions under which the spectra 1-5 were ob-
tained are given in Table II).

the interacting molecules become more complex, the
amount | AE¥| of energytransferredandtheaccommoda-
tion coefficient o increase, but according to different
laws in each electronic absorption band.

Evidently, in treating the degree of approximation of
the colliding particles to thermal equilibrium, one must
take into account the contribution of the different de-
grees of freedom (vibrational, rotational, and transla-
tional). This problem has been discussed in Refs. 15,
27, 48-51 and in the reviews of Refs. 52-54. The de-
pendence of the effectiveness of the collisions on the
mass and degree of complexity of the molecules of the
added gas have been studied in Refs, 49-51, 55-57.

The correctness of the interpretation of the phenome-
non of stabilization-labilization is confirmed by studies
of the effect of added gases on the spectrum®® %588 and
duration® ®® of fluorescence of vapors of complex mole-
cules.

The effect on fluorescence spectra of singlet and trip-
let absorption of added gases has been studied®®'+%% 58
as their pressures were varied over broad ranges (from
the gas phase through the critical state to the liquid).

At low pressures of the added gas, the nature of the
variation of the fluorescencet® ! and triplet absorp-
tion®" ®® spectra corresponds to the direction of energy
exchange between the complex molecules and the mole-
cules of the added gas. As the pressure increases, the

x"
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22 2 25 1
’ v 10 em”

FIG. 7. Triplet-absorption spectra of anthracene at different
concentrations of the added medium® (the conditions under
which the spectra 1-5 were obtained are given in Table II).
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TABLE II.

in Fig Concentration of
C Compound ?::: ;n Figs f::;‘l'xm T, K l Ad.dadr the added medium,
' Cx 107", cm™*
3-methylamina- 1 Vapor 493 — "
phthalimida 2 » 493 Ether 0.7
3 » 493 » 19.5
4 Liquid 443 » 39.5
d » 293 » 38.0
Anthracene 1 Vapor 453 — O
2 » 453 Pentane A
3 » 533 Hexane 3.0
4 » 533 » 3.0
5 Liquid - 293 » 46.0

added gas begins to act as a continually coupled thermal
reservoir that averages all the properties of the mole-
cules that depend on their supply of vibrational energy.
Moreover, the internal field of the medium exerts an
effect on the complex molecules and shifts the elec-
tronic levels. Consequently the fluorescence,®" %
singlet-absorption,’"!%® and triplet-absorption®® % spec-
tra are shifted to longer wavelengths. Transition
through the critical state of the added substance is not
accompanied by any special features in the variation of
the spectra (Figs. 6 and 7; Table II).

Important information on free complex molecules is
conveyed by the spectra of temperatures T *(v,,.) of ex-
cited molecules obtained in Refs, 69, 59, and 70. Be-
sides confirming the validity of the conclusion of com-
plete intramolecular redistribution of vibrational ener-
gy, these studies have proposed other methods of de-
termining the inversion frequencies and the vibrational
heat capacity of the excited molecules.

3. LASING CAPABILITY

One usually understands lasing capability to mean the
capability of a material with a certain relationship of
concentration (occupancies) of electronic states to
amplify light in a certain range of wavelengths, and
to generate stimulated radiation when the appropriate
conditions have been met. :

The problem of lasing capability has been under de-
velopment already for more than twenty years. It has
been discussed in the reviews of Refs. 71-74. In the
pumping of the complex molecules whose level diagram
is shown in Fig. 8, owing to the occupation of the ex-
cited singlet {n;) and triplet (n,) states, the effective
light-absorption cross section ¢, is expressed in
terms of the transition cross-sections o;; between the
states 7 and j by the relationship™:

nOeff. = Ny (045 + '712) — n, (05 — '72&) — ny (03 — Oa)s (7')

Here n=n,+n,+n, is the total concentration of mole-
cules of the active material. Equation (7’) directly im-
plies that amplification (o,; < 0) will be absent in ma-
terials for which 0,, <0,, and 0,, < 0;,. Since the cross-
sections 0,, and ¢,, characterize forbidden intercom-
bination optical transitions, under ordinary conditions
they are small in comparison with the rest of the cross-
sections of allowed transitions entering into (7¢). Thus
the decisive relationship for the existence of lasing

* capability of the material is that between the quantities
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FIG. 8. Diagram of transitions between electronic-vibrational
levels of a complex molecule. 1, 3, 5- singlet states; 2, 4~
triplet states; the k7;=07;N" are the probabilities of stimu-
lated transitions between the states i and j with the cross-
section 07, under the action of the pump radiation (n=p) or
laser action (7 =1) with the photon flux densities N"; d;; is

the probability of radiationless spontaneous transitions, and

Aj; that of radiative spontaneous transitions.

05, and 035, If 05 < 0,5 throughout the region of stimu-
lated emission (fluorescence), then o,y > 0), and the
material is incapable of laser action.”®

We can write the condition for the existence of ampli-
fication 0,4 < 0, employing (7’), in the form:

N 1

—0Oy3 - '—;‘02;<031*‘733- (8)

g "

Equation (8) implies that not only the condition o5, — g,
>0 is necessary for obtaining amplification, but also a
certain relationship between the occupancies of the
states and the cross-sections for absorption of the
radiation. It is difficult to satisfy the condition (8) for
small n;. In addition to the trivial conditions of weak
pumping, this can involve a high rate of radiationless
decay of the excited state (low quantum yield of fluo-
rescence), high occupancies of the triplet state (n,),
and also large cross-sections for absorption from the
ground state or the triplet state. In the region of the
stimulated-emission spectrum, the large cross-sec-
tions 0,; correspond to the region of the short-wave-
length tail of the fluorescence spectrum. The interval
of wavelengths in which (8) is satisfied is the amplifica-
tion region.

Figure 9 shows the results of an experimental de-
termination of the amplification region for vapors of
POPOP pumped with a nitrogen laser of power 0.4 MW
in terms of the amplification of the intrinsic fluo-

Lk
A

-2

04

FIG. 9. Wavelength-dependence of the overall amplification
(1), the amplification without absorption losses from the ground
state (2), and of absorption from the ground state (3) in POPOP
vapor at 618 K.
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rescence.” As we see from the diagram, the amplifi-
cation region extends from 380 to 450 nm. Absorption
by molecules in the ground state causes the amplifica-
tion to decline sharply in the short-wavelength region.
External losses introduced by impurities, by the opti-
cal elements, or in other ways, narrow down the am-
plification region. Formally, in order to take the ex-
ternal losses into account, one adds the term 0, n/n,
to the left-hand side of (8). The amplification region is
the outer bound of the frequency-tuning region of the
laser.

In order to determine the amplification region of the
active medium of a vapor laser, a method has been de-
veloped of unsaturated laser action in a highly selec-
tive resonator having reflectors in the form of stacks
of thin quartz plates. In it the low-intensity laser action
practically does not diminish the amplification, but its
line spectrum marks the region of amplification and
thus facilitates singling it out distinctly.”™

The rapid increase in the vibrational energy during
pumping and laser action of the laser substantially al-
ters in time such spectral characteristics as the proba-
bilities of raditionless conversion, the cross-sections
of stimulated transitions, the probabilities of photo-
decay, the efficiency of energy exchange in collisions,
etc. The role of each of the listed quantities is thereby
altered during the laser process. The essential fea-
tures of the gas phase have required the development
of appropriate theoretical models for studying the pro-
cesses occurring in the active medium, and for predic-
tion of the properties and features of the laser action.
In rarefied vapors, in which the time between collisions
of molecules of the active material exceeds the dura-
tion of the pump pulse, and the molecules maintain their
supply of vibrational energy during this time, the equa-
tions of balance of occupancies must reflect the succes-
sive accumulation of vibrational energy owing to intra-
molecular radiationless degradation of the energy of
the absorbed pump quanta kv, and laser quanta kv, and
the differences between these quantities. Taking this
into account enables one to calculate not only the dy-
namics of laser action, but also separately the dy-
namics of occupation of the singlet excited and the
triplet states, and also the time-dependence of the
mean supply of vibrational energy in each of these
states™:

k. m
dny

1 -1 k,m—-1 P P lh,m
—— = (s + 05N )ng —aaNon ",
dng ™ T, g k Ll

-P k. -1 . \m k-1,
;1 = oV NPl " (03N ol N Ay ey n ™ g N RS0
dn
_—dtz = 2 rhomplom p = Z nkm ng= 2 nhem,
k.m k. m A, m

k, m=0,1, 2, 3,...,

ny Ry ng=1n,

9)
Here v*™ is the probability of S*-T conversion of a
molecule, in which ¥ pumping photons are raditionless-
ly scattered, and which has completed m» “absorption-
emission” cycles that have increased its supply of
vibrational energy by E* ™ =khv,+ mh(v, —v,). In the
absence of internal conversion, one can find the prob-
ability »*™ of interconversion from the dependence of
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the quantum yield on the supply of vibrational energy
(temperature of the excited molecules T*= T+EP"/Cy,
where C,; is the heat capacity™:
rhom— A (1—v (1Y)
() )

The equations (9), when supplemented by the known
equations of balance of laser-action photons, have
made it possible to show,” for example a sharp in-
crease in the probability of intercombination conver-
sion of excited singlet molecules in laser action in an
active medium having the spectral parameters of
POPOP vapor (Fig. 10). However, here the rate of
accumulation of triplet molecules varies weakly,
owing to the competing increase in stimulated radiative
transitions. Characteristically, in the absence of laser
action the probability of interconversion of the singlet
excited state hardly varies. This specificity of the
mechanism of laser action in rarefied vapors is ex-
plained by the sharp increase in the supply of vibra-
tional energy of the singlet excited molecules.

If we supplement the model™ that we have discussed
by taking into account the dependence of the transition
cross-sections, the heat capacity, and the internal con-
version on the supply of vibrational energy as well as
the induced absorption of the pump and light quenching,
then we can describe most fully the process of amplifi-
cation and laser action in rarefied vapors of complex
organic compounds.

In simpler models of laser action in vapors, one
takes into account only the fundamental feature of the
active medium—the growth in the laser process of the
supply of vibrational energy of the working molecules,
and correspondingly, the increase in the probability of
radiationless transitions,”® or decomposition of the
active medium under the action of the pump and laser
radiation.™ ®:8 The action of an added stabilizing gas
in the simple model of the active medium of the laser
is introduced as an increase in the heat capacity of
the active medium™'® or as a more complex process
of collisional exchange vibrational energy.® Despite
the incompleteness of the proposed models, they have
enabled elucidation of a number of characteristic fea-
tures of lasers based on vapors of complex molecules.

For a correct estimate of the lasing capability and of
the properties of the laser action, it is important to
know the nature of the broadening of the spectrum.

w rel,‘ y

rel
Wiy ~

FIG, 10. Time-dependence for a given pump pulse (a,1) of:
a) the laser power (2), the occupancy of the triplet state in the
presence of laser action (3) and without it (4); b) the laser
power (2) and the probability of intercombination conversion
of singlet excited molecules in the presence of laser action (1)
and without it (3).
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The broadening of the spectrum is a dynamic charac-
teristic that depends on the relationship between the
time constant 7, of the optical process, e.g., the dura-
tion of fluorescence or the time interval between suc-
cessive stimulated transitions of the molecule and the
intermolecular 7” and intramolecular 7’ vibrational re-
laxation times. When T/ < 77 < 7T, the spectrum in the
vapor is broadened homogeneously. Since in a gas
phase 7”7 is determined by the number z of collisions
per unit time, the region of homogeneity of the spec-
trum is fixed by the condition 7, z> 1 (dense vapor).

One can estimate the inhomogeneity of broadening
of the spectra of complex molecules in the gas phase
for the conditions T’ < T, < T” (rarefied vapor) by ana-
lyzing the selective-energy spectra (see Sec. 2).

However, the selective energy characteristizes only
the mean energy shift of the ensemble selected in the
optical-transition process with respect to the original.
An additional characteristic of the inhomogeneity of
broadening is the ratio of the energy dispersion in the
initial ensemble AE? and in the ensemble selected out
in the optical process AF?  which arises from (5):

o (AETY

°=l/i—%“'—l’ U o
Here C,;, and C}, are the vibrational heat capacities of
the molecules in the ground state and the excited state,
AEZ, AE*®) and AE}® are respectively the energy dis-
persions of the molecules being excited, of those
existing in the excited singlet state, and of those
leaving it while emitting fluorescence. The relation-
ship (10) connects the ratio of dispersions of the initial
and optically selected distributions in a transition with
the absorption (8) and with the fluorescence or with the
stimulated emission (6*) under the assumption that a
universal relationship is satisfied between the absorp-
tion and emission spectra.'* Since the heat capacities
of complex polyatomic molecules in the ground and ex-
cited states are practically identical, we have ¢= 6*,

It was found from the experimental data for perylene
that 6=0.99 in the region of the spectrum where aE’/
E<6%; for 3, 6-tetramethyldiaminophthalimide in the
region where AE'/E <2,5%, we have 6=0.99. For
POPOP at the maximum of the absorption band we have
6=0.817,

’

(10)

Thus inhomogeneity of broadening of the spectra of
complex molecules in the gas phase is distinctly mani-
fested, but its degree is not great. The rather high
homogeneity of the stimulated-emission spectrum of
POPOP vapor has been also shown by direct experi-
ment”® (see Sec. 5).

For ultrashort optical processes, e.g., picosecond
and subpicosecond pumping or stimulated emission,
conditions can be created in which the intramolecular-
relaxation time proves to be greater than the time
T,(T,< T <T"), Under these conditions, in which the
intramolecular redistribution of vibrational energy
cannot be completed, the spectra of complex molecules
must in many ways approach in nature those of simple
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molecules, i.e., must be more strongly inhomogeneous-
ly broadened.

In vapors between collisions, the molecules rotate
according to the laws of free rotation, in which the
energy and the total rotational angular momentum of
the molecules are conserved. When an ensemble of
free molecules interacts with an anisotropic optical
excitation, orientational optically induced anisotropy
will arise in it. This anisotropy can be manifested in
anisotropic emission (polarized radiation) and absorp-
tion (dichroism) by the vapors of complex molecules,? -

A theoretical analysis of the relaxation of induced
anisotropy conducted in the rigid-molecular-top ap-
proximation has shown that the induced anisotropy for
free excited molecules declines in a time of the order
of several rotation periods to a steady-state value that
persists until collisional reorientation.?¥-% The fast
phase of orientational relaxation is significant only for
picosecond time intervals. Hence, under conditions of
nanosecond lifetimes of the excited state, the anisotropy
is governed by its steady-state, collisionless compo-
nent. The dichroism of the cross-section for stimu-
lated transition of an excited molecule D, caused by
this collisionless component in the simplest case of a
rigid symmetric top is associated with the anisotropy
parameter of the moment of inertia tensor »=1- (I,/I)
(I, and I, are the components of the moment-of-inertia
tensor parallel and perpendicular to the axis of the top)
by the relationship®:

-1 1, Alig?
Du :'S‘T -

arcth }'»
g 1 (11)
Tl By N, o]

1
PRRETE

3 [(x» 3) (8x—0)—3 (9—5%) (L—x)

Here d7,(B) is the real component of the Wigner func-
tion, 8(») is a delta function, and B is the angle between
the axis of the top and the direction of the transition
dipole moment. The magnitude of the steady-state com-
ponent of the dichroism of the transition cross-section
for a rigid asymmetric top lies within the range from 9
to 14% and depends on the form of the ellipsoid of iner-
tia of the molecule and the orientation of the dipole mo-
ments of the transitions involving absorption and emis-
sion with respect to one another and to the ellipsoid of
inertia.® ¥ Thus, first, the amplification coefficient

in rarefied vapors is dichroic, and second, owing to

the difference in the general intramolecular orientations
of the dipole moments of transitions involving excita-
tion, emission, and induced absorption, the nature and
magnitude of the anisotropy of amplification must vary
in time in correspondence with the change in the di-
chroism of the cross-sections entering into the condi-
tion (7°). Collisional perturbations destroy the optically
induced anisotropy and thereby also the induced di-
chroism of amplification. The dichroism of the transi-
tion cross-section for z collisions per second (D,) and
without collisions (D,) are connected by the relation-
ship®®

Dy

D=
’ 1+(1—%)m (12)
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Here s is the probability that a collision will destroy
the anisotropy, which is close to unity for large mole-
cules.

Thus, inhomogeneous broadening owing to orienta-
tional optically induced anisotropy must exist in vapors
of complex molecules. The results of studying the
polarization properties of the generated radiation are
discussed in Sec, 5.

4. ACTIVE GAS-PHASE MEDIA

When one is selecting complex organic materials to
obtain laser action in the gas phase, a number of evi-
dent requirements must be satisfied in addition to the
conditions presented in Sec. 3. The materials must be
sufficiently volatile that the concentration of the vapors
amounts to 10'~10'® cm™® at temperatures not ex-
ceeding the thermal-stability limit (600-800 K). Vola-
tility is low in compounds that form specific intermo-
lecular bonds like the hydrogen bond in the solid or
liquid state. Volatility of organic compounds declines
with increasing molecular weight. Therefore the
search for materials having a molecular weight above
400 that yield a concentration of pure vapor necessary
for laser action is a difficult problem. Employment of
added gases facilitates solving this problem. They not
only diminish the supply of vibrational energy of the
excited molecules owing to stabilization (see Sec. 2),
i.e., decrease the overheating of the excited molecules,
but also, at very high pressures (tens of atmospheres),
they increase the concentration of the active vapor.®
Of course, the added gases must not absorb the pump
or laser radiation. One must strive to keep the tem-
perature of the vapor low, not only to avoid thermal de-
composition of the molecules, but also to increase the
quantum yield, since in most cases ¥ declines with in-
creasing T (see Sec. 2). Employment of added gases
enables one to obtain laser action in vapors at tempera-
tures 50-100° lower, and also laser action from ma-
terials in the gas phase whose pure vapors do not lase.

Since laser action requires considerable power den-
sities of the pump radiation, the molecules in vapors,
just as in solution, must be photochemically stable.

Existence of laser action in a given compound in solu-
tion is far from implying its ability to lase in the gas
phase. In going to the gas phase, lasing capability is
lost in all materials when it is due to specific inter-
actions with the solvent (ionic forms, complexes,
solvates, etc.). Transition to the gas phase, even of
materials that lase most effectively in neutral solvents,
can lead to loss of lasing capability. The converse is
also true. This arises from the difference in spectral
characteristics (stimulated emission spectra, singlet
and triplet absorption spectra) in the two states of ag-
gregation.

When the requirements listed above for obtaining laser
action are satisfied, the spectral characteristics of the
vapor must satisfy the lasing condition (8).

According to the literature data, more than 200
organic compounds have been examined for the exis-
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TABLE III. Active materials of vapor lasers.

Ref-
Compound )\','""‘ nm erence
1. 2<p-methoxyphenyl)-benzoxazole (p-methaxy-PBO) 333.5;344 ot
2. p-terphenyl 335;345 ot
3. 1,4i-[I4ethylphenyl)] -benzene (p,p’diethylp-terphenyl) 335.5;3425 | %2
4. 2-(p-butoxyphenyl)-benzoxazole (p-butoxy-PBO) 337.5;3515 | 2
5. 2-phenylbenzoxazole (PBQ) 338;340 1
6. 24{p-hexadecyloxyphenyl)-benzoxazole (p-hexadecyloxy-PBO) 339; 355 91
7. 24p-tolyl)-benzoxazole (p-methyl-PBO) 340 91
8. 1,4-di(p-phenylethynyl)-benzene (PEBEP) 349.5 92
9. 2-biphenylylbenzoxazole (p-phenyl-PBO) 350.2;351.4 91
10. 2,5-diphenylfuran (PPF) 356 93
11. 2{p-dimethylami by azole (p-dimethylamino-PBO) 3576 ot
12. 2{e-naphthyl)- benzoxazole (a-NBO) 3624 9t
13. p-quaterphynyl 364 o4
14. 2{(p-methoxyphenyh- 5-(p~catboxyphenyl) 1,3 4-oxaduzole 367 98
15. 2-phenyl-5{4-dimethylaminopheny)-1,34 369 9%
16. g-dinaphthyleneoxide 370 94
17. 2,5diphenyloxazole (PPO) 370 94
18. 2{p-methoxyphenyl)-S{4-dimethylaminophenyl)-1,3,4-oxadiazol 371;383 s
19. 2-biphenylyl-S{p-dimethylaminophenyl)-I,3,4-oxadinzole 376; 388 95
20. 1,8-4i(2-benzoxazolyl)-benzene (BOPOB) 378 o8
21. 24p biphcnylyl) S-phenyloxazole (BPO) 382 98
22. 2,5-i(p-dimethy yD-1,3,4-oxadiszol 382; 394 95
23. 2,5-di(p-ami 1)-1,3,4-0xadiazol 383;397 95
24. 2{(p-methoxyphenyl) S{phlhnlanhydndo)-oxndlazole 385,409 95
25. 1,4-di[(5-methy])-benzoxazol-2'-yl] -benzene (dimethyl-BOPOB) 386 94
26. 2,5-biphenylyloxazole (BBO) 390
27. 24a-naphthyl)-5-phenyloxazole (a-NPO) 391 o7
28. 2+p-dimethylaminophenyl}-S-{(p-carbethoxyphenyl)-1,3 4-oxadia- 393 95
zoke
29. 1,4-di[245-p-tolyloxazolyl)] -benzene (TOPOT) 393 4
30. 2-biphenylyl-5<p-naphthyl)-oxazole (BNO) 395 9
31. 1,4-di[2-(5-phenyloxazolyl}] -benzene (POPOP) 398 !
32. 2,5-0i[S{(tert-butyD-2-benzoxazolyl) -thiophene (BBOT) 407 94
33. 1,4-di{2-(4-methyl-5-phenyloxazolyl)] -benzene (dimethyl-POPOP) 410 s
34. 1,2-di[2-(5-phenyloxazolyD) <thylenc (BOEOB) 423 94
35, 1,4-di{2(5p phenyloxazolyl) | -b (diamino-POPOP) 415 94
36. perylene 430 98
37. 9,9"dianthryl4 4'-di(xylyt:3" 4™ 441 94
38. 1,4-di(1"-phenyl-5'<(2,4-dimethoxyphenyl)-A? pyrazolinyl-3') 457 94
-benzene
39. 1,2-dimethyl-3-phenylimidazotriazine (imitrine 3) . 471 99
40. coumarin 153 481 100
41. 7-d|ethylammo~3-(2 -benzoxazolyl)-coumarin 506 100
42, DusObutle ,9-perylenedicarboxylate (defectol) 518 94
43, 3-(2 benzt)uazolyl) 7-dtethylammocoumann {coumarin 6) 520 100
44. 32'-benzimidazoly])-7-diethylami in (coumarin 7) 520 100
J45. 1 2-du-nethyl -3 ,4-diphenylimidazotriazine (ummne 9) 526 99
46. 3-[2"(N-methyl)-benzimidazolyl] -7-diethy in 526 101
47. 1,8-naphthoylene-1',2"-benzimidazole . 540 93
48, Benz[]]ﬂuounmene oxnde 542 94
49. 3,6 N-methylphthalimid
Ss)(l) 36-dmmmophthahrmde . o 520-570 102
. hylp
52. 3ﬁ-tBUamethyldmnmo-Namethylphthahmnde
53. 1,2-di{5-methyl-2-benzoxazolyl)-ethylene - 97
54. 1,2-di(2-benzoxazolyl)-ethylene - 4

tence of laser action in the gas phase. More than 50
substances proved to be capable of lasing in the vapor.
Pumping was carried out with second-harmonic radia-
tion of a ruby laser (A,=347 nm), a nitrogen lager (\,
=337 nm), the third and fourth harmonics of a neo-
dymium laser (A,=357 nm and 266 nm), and the radia-
tion of an excimer laser (A,=308 nm). The tunable
radiation of lasers based on solutions of complex
organic compounds was also used for pumping the
vapors. Laser action in vapors has recently been ob-
tained with lamp pumping.®®

Table III gives the names of materials that lase in the
gas phase, the wavelengths of the maxima of the gen-
erated bands A", and the literature sources in which
the laser action was reported. Sometimes one observes
two-band laser action. The compounds are arranged in
order of increasing AP of the short-wavelength band.
In a number of cases laser action was obtained upon
mixing an added gas with the vapors.

Upon examining the structural features of the com-
pounds presented in Table III, we note the absence of
polyenes and polymethines and molecules related to
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them in chain structure, owing to the nonrigidity of the
structure. Substances that lase in the gas phase are
either polycyclic condensed nuclei with or without sub-
stituents (perylenes, coumarins, naphthoylenebenz-
imidazoles, phthalimides, imidazotriazines, etc.) or
most often chains made of mono- or bicyclic units of
the type of benzene, oxazole, oxadiazcle, furan,
benzoxazole, benzimidazole, thiophene, etc.

We see from Table III that the region of wavelengths
now covered by vapor lasers stretches from 333 to
570 nm, with the greater number of compounds lasing
in the ultraviolet.

As compared with solutions, the lasing region is re-
stricted on the long-wavelength side. This arises from
the fact that, as a rule, displacement of a spectrum to
longer wavelengths involves enlarging the system of
conjugated w-electrons, making the molecule more
complex, and increasing its molecular weight. The
fraction of these compounds lightest in molecular
weight (for a given chain of conjugated w-electrons)
has a nonrigid structure and fluorescences in the
vapor with a low quantum yield. Rotational isomers
can also occur that are not capable of laser action.
Compounds with a rigid structure that fluoresce in
the long-wavelength region usually have very high mo-
lecular weights, provided that the fluorescence capa-
bility does not arise from specific intermolecular in-
teractions.

Varied points of view have been expressed on pro-
gressing into the shorter-wavelength region of the
spectrum using vapor lasers. Thus, the conclusion
has been drawn!® that it is impossible to obtain laser
action in complex molecules in the region of wave-
lengths shorter than 300 nm. This was based on an
analysis of oscillator strengths of transitions with ab-
sorption from the ground and first excited singlet
states theoretically calculated for a group of the
simplest diaryls and condensed bicyclic compounds:
biphenyl, bipyridyls, benzimidazole, indazole, etc.
The converse conclusion!® has been drawn from theo-
retical calculations of the spectral-luminescence char-
acteristics of benzoxazoles.

5. PROPERTIES OF THE GENERATED RADIATION

An important property of lasers based on complex
molecules is the tunability of the generated radiation
over a broad frequency range. For example, the wave-
length A of the radiation generated by lasers based on
vapors of POPOP™ and TOPOT? can be tuned over

-
-
-
-
-
-
-
-
-
| i L
370 390 w0 40
A nm
FIG, 11. Tuning of the wavelength of the radiation generated

by a TOPOT-vapor laser by using a diffraction grating.
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FIG. 12. Dependence of the laser power of a POPOP-vapor
laser on the wavelength when tuned with a diffraction grating. ™

ranges respectively of 25 and 40 nm with a diffraction
grating serving as one of the mirrors of the resonator
(Figs. 11,12). The output power of the laser declines
at the edges of the tuning region. At the maximum of
the curve, the output power of a POPOP vapor laser
in 2 1-nm band amounts to 90% of that of the broad-
band laser action obtained upon replacing the diffrac-
tion grating with a nonselective mirror. This high
degree of spectral concentration confirms the conclu-
sion drawn from analyzing the selective-energy spectra
that the inhomogeneity of broadening of the spectra of
free complex molecules is slight (see Sec. 3).

Laser action has been obtained in POPOP vapor with
pentane as the added gas (C=10"-4 X10*! cm™) by using
distributed feedback (DF).!*® In this case the spatially
periodic grating was of resonance phase-amplitude
type.'® The DF-laser enabled tuning the wavelength
of the generated radiation over a range of about 50 nm
by varying the angle of incidence of the pump beam on
a prism serving as one of the walls of the cuvette. A
change in the concentration of the added gas is accom-
panied by a shift in the tuning region. The spectral
width of the laser radiation is close to the width of the
pump line.

One can tune the frequency of the radiation of a laser
based on vapors of complex molecules by varying the
pressure of the added gas.* 97 Figure 13 shows the
laser spectra of vapors of POPOP and TOPOT. The
second harmonic of a ruby laser in the longitudinal
variant was used as the pump. The vapors of these

366 nm

FIG. 13. Emission spectra generated by vapors.* a) POPOP
(1 ~ rarefield vapors, T=543 K, p=0.5 Torr; 2—4 — vapor with
pentane, T=513 K, 2-C=1,3x10%", 3-6x102°, 4~4x10%
em~%; b) TOPOT (1 — rarefield vapor, T =573 K, p=1.0 Torr,
2 - vapor with pentane, T =553 K, C =6x10!* em™).
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FIG. 14. Dependence of the wavelength of the maximum of the
laser band on the concentration C of pentane for vapors of
POPOP (curve 1, T =513 K) and TOPOT (curve 2, T =528 K).

3 - excitation with nanosecond pulses; 4 — the same with pico-
second pulses; 5— wavelength of the maximum of the 0~1 band
of the fluorescence spectrum (POPOP).

materials without an added gas at temperatures 513~
573 K generate bands with peak wavelengths A" of re-
spectively 383 and 393 nm, with a half-width of about
4 nm. A shift of the bands to longer wavelengths occurs
with increasing concentration (pressure) of the added
gas. When the pressure of pentane is 7 atm, one ob-
serves (Fig. 13a, spectrum 2) two-band laser action in
POPOP (Arx =383 and 403 nm). The long-wavelength
displacement of the bands involves the fact that the ab-
sorption and fluorescence spectra, and hence also the
stimulated-emission spectra, are shifted to longer
wavelengths with increasing pressure of the added gas
(see Sec. 2, Fig. 6). The shift of A7** into the long-
wavelength region has been traced* as the active medi-
um was gradually changed from the rarefied vapor
through the critical state into the solution.

Figure 14 illustrates the shift of the peaks of the
laser bands of POPOP and TOPOT and of the band of
the 0-1 fluorescence spectrum of POPOP as a function
of the concentration of pentane. A parallel red shift in
these bands occurs with increasing concentration of the
added gas. Apparently the maxima of the band do not
coincide for the rarefied vapors, owing to the difference
in the temperatures of the vapors at which the laser and
fluorescence spectra were obtained.

The data discussed above pertain to laser action of
nanosecond duration. In Ref. 108 picosecond laser ac-
tion was obtained for the first time in vapors of com-
plex molecules. Studies have shown'® '1° that the pico-
second laser spectra undergo an analogous red shift
with increasing concentration of the added gas (see
Fig. 14). In the case of fluorescence or laser action of
nanosecond duration, the excited molecules undergo
collisions of the order of hundreds within their life-
time, even at pressures of the added gas of 10 atm. If
the red shift of the laser spectra of nanosecond dura-
tion involves the collisional interaction of the added gas
with the active molecules, it should not have been ob-
served in laser spectra of picosecond duration. This
implies that, at high pressures of the added gas, inter-
molecular interactions involving perturbation of the
electronic state of the active molecules can be realized
in a time less than 20 ps. That is, starting at pres-
sures of the added gas of the order of several atmo-
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FIG. 15,
the frequency shift of the maximum ofthe laser spectrum (', 2)

of POPQP vapor for a maximum pump power density of ~30
(1,1) and ~17 MW/em? (2,2'); b) laser power (1) and frequency
shift of the maximum of the laser spectrum for solutions of
POPOP in hexane (2), pentane (3), toluene (4), and dimethyl-
formamide (5), 112

Time-dependence of: a) the laser power (1,2) and

spheres, the active molecules exist under a quasistatic
influence of the medium,

Considerable influence is exerted on the position and
shape of the spectrum of the generated radiation by the
spectrum of the triplet state, which gives rise to losses
selective in frequency. The interrelation of these spec-
tra has been studied in Refs. 65 and 66.

The duration of the laser pulse lies close to that of a
nanosecond pump pulse,’® whereas with pump durations
of tens of nanoseconds the laser pulse proves to be con-
giderably shorter than the pump pulse.>!'? This is also
confirmed by the theoretical calculations™™ (see Fig.
10). This mainly involves an increase in the internal
losses due to the triplet state, with decline in the con-
centration of singlet molecules owing to interconver-
sion caused by the accumulation of an excess of vibra-
tional energy in the molecules.™ "™+ 112 Stabilization
by the added gas substantially prolongs the duration of
laser action,”®!!! For example, the upper limit of
duration of laser action in POPOP vapor is 93 ns, and
105 ns in TOPOT vapor.™

The time development of the pulse has been studied in
Ref. 112. In contrast to the POPOP-solution laser, the
radiation frequency of which increases monotonically
during laser action owing to relaxation effects!®-115
(Fig. 15b), in the POPOP-vapor laser one observes a

W{" W:al
10, 5 10
2
. 8340 1-20)
i 1 | I 1 1
g 50 20 c-10°®

100 Batm ¢ 5 14 15
2 5)

FIG. 16. Dependence of the power of the radiation generated
in TOPOT vapor: on the pentane pressure P (a), and on the
intrinsic concentration of the vapor (b} at a pentane concentra-
tion concentration C=0 (1) and € =1.2x10?! em™ (2). T=573 K
(aandb, 2), 623K (b,1).11¢
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frequency shift that is practically the mirror image of
the laser pulse (Fig. 15a), The amplitude of the re-
versible displacement depends on the pump power,
while the instant of maximal shift coincides with an
accuracy up to 2 ns with the maximum of the laser
pulse. At the attained levels of laser field density in
the resonator, the observed spectral kinetics in POPOP
vapor is explained by the dependence of the amplifica-
tion contour on the excess vibrational energy of the
radiating molecules and the variation in the concentra-
tion of active centers.

The laser power in vapors substantially increases

~ with increasing P of the added gas, and the threshold

declines (Fig. 16)."® The data presented in the diagram
were obtained with longitudinal pumping of the vapor
with the second harmonic of a ruby laser. We see from
Fig. 16a that the stabilizing action of the added gas
saturates at a pentane pressure of about 20 atm, which
corresponds to a time between collisions of tens of
picoseconds. At this pressure the active medium is
still almost 20 times less dense than the solution. This
enables one to reduce by the thermooptical losses by an
order of magnitude with a high efficiency of laser ac~
tion. The lowering of the laser threshold by adding pen-
tane at 50 atm (Fig. 16b) considerably extends the range
of concentrations of TOPOT at which one can obtain
laser action,

The shortening of the duration of laser action caused
by the rapid accumulation of excess vibrational energy
by the singlet molecules and the decline in power are
the reason why the efficiency in pure vapors is small,
as a rule not exceeding 10%.™'%! In order to increase
the efficiency of laser action in pure vapors, one can
shorten the duration of the pump pulse to an interval of
time in which the excess vibrational energy in the mole-
cules is still not so large as to affect the characteris-
tics of laser action. However, the energy of the gen-
erated radiation declines thereby.*® Employment for
stabilization of efficiently acting added gases and opti-
mization of the pump wavelength, the resonator param-
eters, and the pump density have made possible an en-
ergy efficiency of POPOP-vapor lasers of 22.8%,""" for
TOPOT 21.8%, and for coumarin-6 12%.!*®

Table IV!!” enables us to compare the parameters of
the POPOP-vapor laser with the addition of 35 atm of
diethyl ether with those for solutions of POPOP diethyl
ether and dioxane when pumped with the third and fourth
harmonics of a neodymium laser. We see that the ef-
ficiency for the solutions is higher, and the laser
thresholds for the vapor do not exceed those for the
solutions. However, in the gas phase we observe a
more rapid growth of the losses during the laser pulse.
For the vapor, the power efficiency at the onset of the
laser pulse exceeds by 14-90% the mean value, Where-
as for the solutions this increase is no more than 5%.
The laser energy thresholds of the POPOP vapor laser
are not correlated with the efficiency (Fig. 17). When
one excites with A =266 nm, despite the low efficiency,
the laser threshold is close to that with long-wave-
length pumping. This is explained by a similarly low
level of internal losses at the initial instant of laser
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TABLE IV. Efficiency of laser action in POPOP. *

] B S Polelawlan]d
Working S ~ a H i LR % g Et
medium X e £ B < . g [BE|5E | ss| g4
NOKE = S q < BRE[EE| FC ) B% | &2
1. 48813.4194;94[355| 1118 [389—4N8 | 394 3 8.21 7.2 7.6} 8.4
2. | vapor |483|3.3196;301355) 0.65 | 384—405]388| 5.4(12 [1u.4 |12.5(13.7
3. p with 47715.0193;7 [355] v.5 [391—403[396] 6.7]28 |22.8 |3+ [33.4
4. | ether [47112.0793;7 1266} 1.8 1394—300)396| 5.6| .5] .28 1.3] 2
5. 48313.7)94;94)266] 0.3 — — | 5.6]2.5/1.7] 2.3) 3.5
6.Solution { — [5.0168; 4 (355] 1 « [415—421]418]10 J40 (38 41 |47
in dioxane
7.Solution | — 15.10184;4 [355) .5 |408—416)412) 5 )51 |50 33 |61
in ether

*Here R, and R, are the reflection coefficients of the mirrors
of the resonator, W,,. is the threshold pump power density,
Al is the width of the band of laser radiation, Wha, is the
maximum pump power density, the initial efficiency is the
power efficiency at the onset of the pump pulse, the mean
efficiency is the ratio of the laser power to the pump power,
the differential efficiency is the efficiency from the slope of
the curves in Fig. 17, and the quantum efficiency is the inte-
gral efficiency of transformation of the number of absorbed
pump photons into laser photons.

action, when an excess of vibrational energy has not
yet been able to accumulate.

Besides the mean energy and quantum efficiencies,
one can distinguish the power efficiency, the internal
efficiency, the differential efficiency (efficiency defined
by the slope), and various limiting efficiencies.™!'7
The upper limit on the efficiency of a laser is the quan-
tum yield of stimulated emission. When account is
taken of all the channels of loss of molecules from the
excited singlet state and of the quantum yields of light
quenching in absorption by singlet excited molecules of
the pump radiation ¥5,.,, and that of the laser action
Yauench We oObtain

1 1
031 —035

Quantum efficiency = NP 1
4 ]

1 [ ., p NP o P
9311 0357, T3 1 ¥ 0y —7T 7
31 35¥quench 7~ 3% g quench Nl ‘l:,N'

(13)
When 1/7,N', 03, (N*/N1), 03,72, (N?/N1) <}, then
we have
031 955 _
03y + O35 Vuencn

Quantum efficiency =

(14)

mJ
—

PRI

) S
md
9w E o’

FIG. 17. Dependence of the laser energy E, of POPOP vapor
on the pump energy E,. "7 The numbers of curves 1, 2, 3, and
5 are the numbers of experiments in Table IV; curve 4 was ob-
tained under the conditions of experiment 3 of Table IV, but
with a power density increased by a factor of two.
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When Yluenen=0, this reduces to a known expression.™

POPOP vapor shows intense light quenching, which
is lowered by an added gas.'™'®° Since the ratio a};/a},
for POPOP vapor amounts to 0.8,''22%% then, ac-
cording to (14), the quantum efficiency for Yjuench = 0
is 0.2, while the energy efficiency for A, =337 nm,

A, =383 nm is 0.17. If ¥} =1, then the quantum ef-
ficiency is 0.11, while the efficiency is 0.1, as has
been observed for the pure vapor at low pressures of
the added gas. In addition to stabilization, high pres-
sures of added gases exert an appreciable influence on
the spectral-luminescence characteristics of the ma-
terial. Thus, ether vapor at 35 atm increases twofold
the limiting amplification cross-section (d,, ~05;). Ac-
cording to (14), for Yiue,s=90, this yields a quantum ef-
ficiency of 0.47.'"7

The active medium of vapor lasers has an important
advantage—greater homogeneity than a solution, with
lower losses. The homogeneity of the active medium
substantially reduces the divergence of the beam in
vapor lasers.

Figure 18 shows the data on the dependence of the di-
vergence of the laser beam on the pump density for
lasers based on POPOP vapor and on its solution in
toluene when pumped with a nitrogen laser with an en-
ergy of 50 mJ per pulse.'?> The divergence of the radia-
tion of the solution laser for the two bases of the resona-
tor is higher and it increases with increasing pump
power density, whereas it is constant for the vapor
laser. Even at the threshold, the divergence in the
solution laser is 2-3 times greater than in the vapor
laser, and 4—6 times greater at a pump density of 170
MW/cm?, At equal powers, the vapor laser has 10-30
times greater radiation density.

A laser model has been developed in which the active
medium (mixture of POPOP and eicosane vapors is self-
circulating in an “evaporation-condensation-evapora-
tion” cycle,'* The pressure of eicosane in the optical
part of the laser attained 600 Torr. Pumping was per-
formed by a nitrogen laser (A,=337 nm) of 1-MW
power. At a pulse-repetition frequency of 10-30 Hz,
the lasing power of this laser decline by half after 3 x 10°
pulses.

Anisotropy of an ensemble of free excited molecules
is manifested (see Sec. 3) in dichroism of the amplifi-
cation coefficient. In the presence of dichroism of
amplification, the threshold properties of the process
of generation of stimulated emission involve differing
survival of modes having different polarizations. This

milliredians

z
. — 1

o 50 100 120

MWIcm2

FIG. 18. Divergence of the radiation of a POPOP laser as a
function of the pump power density. 1?2 1-vapor, 2~ solution
in toluene. Length of resonator =20 (3) and 8 mm (4),
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FIG. 19. Dependence of the degree of polarization of emission
of nanosecond (1) and picosecond (2, 3) duration, generated in
POPOP vapor, on the concentration of the added gas pentane.
1,2~ concentration of POPOP=2x10!" cm™~3, 3-7x10'7 em™?,
T=513 K.

leads to enhancement of the selective action of the di-
chroism of the amplification coefficient, and the degree
of polarization of the stimulated emission of gaseous
active media can attain large values.* " 1'° Figure 19
shows the degree of polarization P, of radiation gen-
erated by POPOP vapors with nanosecond (curve 1) and
picosecond (curves 2 and 3) duration as a function of the
concentration of the added gas pentane. The picosecond
laser action was excited with a single pulse of linearly
polarized radiation of the second harmonic of a ruby
laser of duration about 20 ps, and the nanosecond laser
action with a 2.5 ns pulse of linearly polarized radiation
of a nitrogen laser. As the pentane pressure P was
varied, the concentration of active centers remained
constant. The degree of polarization P, of pico- and
nanosecond laser action depends strongly on the con-
centration C of pentane. The emission of nanosecond
laser radiation in rarefied vapors has a maximum value
P,=1 (see curve 1). Addition to the POPOP vapor of
pentane at relatively low pressures strongly depolarizes
the generated radiation. This is associated with impact
disorientation of the active molecules. At large C, the
degree of polarization begins to rise, perhaps owing to
the increased viscosity of the medium. The fact that P,
for picosecond laser action exceeds that for nanosecond
laser action is explained by the fact that the excited
molecules interact for a shorter time with the sur-
rounding medium in picosecond laser action. An in-~
crease in the POPOP concentration increases the
degree of polarization of picosecond laser action (curve
3). This involves an increase in the dichroism of the
amplification coefficient of the active medium.

Thus, study of the polarization of the radiation gen-
erated by vapors has made it possible to trace a con-
tinuous transition from depolarization due to impact
disorientation of the active molecules to an increase in
the degree of polarization at very high pressures of the
extra gas owing to increased viscosity of the medium.

The review that we have presented implies that lasers
based on complex molecules in the gas phase have a
number of valuable properties. The dotaining of laser
action in vapors of complex organic compounds has
opened broad potentialities for studying the properties
of free complex molecules and intermolecular interac-
tions. Interest in these lasers is not weakening. There
are grounds for expecting laser action in complex
molecules with electrical excitation as well.
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