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MOLECULES IN THE VAPOR PHASE *
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ABSTRACT

Vapors of perylene, coronene, 8-10 diphenyl- anfhraoone, dimethylpopop,

rubrene and Rhodamine B have been optically pumped with pilcosecond

pulses from a mode- ~locked, frequency- doubled_ruby Laser, in an attempt

{ to produce single-~pass superrad1ant emlss1on “the respectlve broad-hand
enission. The resulis wére negative or 1nconclu51ve. The Feasibility
of achieving population inversion in vapors ot “complex" organic
molecules is gualitatively discussed,
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It was recently proposed that some of the efficient organic fluorescers (or

": luminophors) used in solution dye-»la.sérs could be used as active media in a gaseous
analog of the golution clye--].aser,]‘ In effect, some of the compounds used in solution
dye-lasers will fluoresce in the vapor phase both under optical and discharge

ie s 2
excitation,

In an jnitial attempt to obtain population inversion in such vapors, we have
pumped them with the picosecond-short, intense pulses from a mode-locked, frequency-
doubled ruby-laser in a configuration similar to that used by Mack, 3.4 Under these
conditions of single-pass excitation, solutions of Rhodamine 6G will easily lase, while
so far we have found no clear evidence of super-radiant emission from the vapors we

studied,

The output from a mode-locked ruby-laser (20 to 30 mJ) was frequency-doubled
in a KDP crystal (3 to 4 mJ enevgy after doubling) and focused hy means of a quartz isns
(6 em or 8 cm focal length) inside a quartz cylindrical cell, typically 2 inches long and
1/2-inch inner diameter, which contained the vaporized substance (Figure 1), The
pumping geometry was of the longitudinal kind, TheA crystalline solids were loaded in the
cell’as follows, After the empty cell had been torched and degassed in a vacuum line,
it was returned to ambient preséure in argon atmosphere and loaded with ~50 mg of the

‘crystalline organic luminophor, The cell was returned to the vacoum line, exbausted,
filled with a buffer gas and sealed off, Once the cell waé in the laser-heam path, if was
heated wmtil a blue fluorescence was emitted under 365-nm excitation from a fluorescent
lamp, The density of the vapor was then adjusted so that the laser beam produced
fluorescence over the entire length of the cell, At~ 1 torr (~250°C) the number density
for perylene, ~ 2-1016 molecules/ cmg, is comparable to that of a 10'_4 M/liter dye

solution,

The emission from the vapor cell was monitored in the pump-beam divection
using a fast photodiode (TRG photodetector Model 105C, with 8-20 spectral sensitivity)
and a Tektronix 519 oscilloscope, and/or by collecting the emission on the slit of a
1/2-meter grating spectrvograph provided with a camera attachment, Corning Glass

filters 3-76, 3-56, and 5-61 were used to eliminate the pump radiation at the ruby
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frequency and at its second harmonic, No signal was observed when the laser passed
through the cell at room temperature, so that the spurious detection of pump light by the
photodiode is to be excluded, Examples of the fluorescence pulses from the vapors are :

give in Figure 2,

The following substances were tested: perylene, coronene, 9, 10-diphenyl-
anthracene, dimethylpopop, rubrene, and Rhodamine B, Incidently, the first four
substances also emit blue molecular fluorescence under elecivonic excitation in buffered
discharges.?‘ The test substances were chosen mainly on the basis of; a) compatibility
of their absorption bands with the pump light; b) high guantum yield for fluorescence in

solution; and ¢) laser action in solution under fast (less than 1 ps) optical excitation.

The study aimed at producing single-pass supér—radiance; no mirrors were
used to provide optical feedhack, Up to the present time we found no unequivoeal indi-
cations that single-pass super-radiance was achieved in any of the substances investiga-
ted. Only in the case of perylene did we find an indication of possible intensity-dependent
radiative-lifetime shortening. In a train of strong emission pulses, the fluorescence
decay-rate (Figure 2) is appreciably faster (3.0 0,3 ng) for the more intense signals
than for the weaker vulses of the frain (4,00, 3 nq) The evidence for spectral narrow-
ing in the emission is as yet inconclusive, Some of the emission bands are indicated in
Figures 3and 4. In the case of coronene, the hand for cw excifation at 366 nm ranges
from 366 to 546 nm, with a very weak anti-Stokes tail, The laser-excited emission
appears to be somewhat narrower in the spectrogram, but the effect is not pronounced.
Definite maxima in the emission bands could he noticed at Tow levels of detected light,

“but they were not followed in detail. The fluorescence band from laser-excited perylene
seems to have a different spectral position depending on the buffer gas (Fipure 4), Here

again, only qualitative conclusiong can be drawn from the Polaroid pictures,

The radiative lifetimes for the vapor fluorescence under laser excitation ave
listed in Table 1, and compared with the corresponding known values for vapors and
,solutions,S whenever available., Some comments concerning the measurements listed
in the Table are now appropriate. In a sample of perylene containing 20-torr argon
buffer, the leading edge of the emission pulse leveled off near the peak and had a fast
initial decay. These features and the unusually short decay time observed (2. 8 ng) sug-
gest guenching of fluorescence, possibly by traces of oxygen. The decay time for the
nitrogen-huffered perylene sample was longer (3.7 ns) and in good agreement with values

G . : P
reported by Ware and co-workers.” A different argon-buffered sample showed lifetimes
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Figure 2, Examples of Fluorescence Pulses from Some of the Vapors Studied,
As Detected by the Photodiode and Displaved on a Textronix
Oscilloscope Model 519, The pump pulses have a ~9 ns periodicity
and the fluorescence pulses reflect this pattern. a) Emission from
9, 10 diphenyl-anthracene; b) from perylene; and ¢) from coronene.
The perylene emission was the strongest among  the substances
studied. The fluorescence lifetime of coronene is longer than that of
the other vapors considered, and the fluorescence emisgsion from one
pump pulse overlaps that from the following pulse,
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Figure 3. Tluorescence of Coronene Vapor., a) Under laser excitation at
347mm; b) under cw-excitation at 365 nm. The spectral position
of the exciting line in h) is shown by some scattered source light.
There is also.in b) a wealk anti-Stokes component of the emigsion,
The laser-exciled fluorescence seems Lo cover a nurrower spectrai
1ange
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Figurce 4, Tluorescence from Perylene Vapor Under Laser Excitation at
347 nm, and for Different Bulfer--Gas Pressures. The presence
of nitrogen at fairly bigh pressures seems to produce a narrower
emigsion hand. :



TABLE 1

FLUORESCENCE LIFETIME Ty AND QUANTUM YIELD FOR

FLUORE SCITENCE Y IN LIQUIDS AND VAPORS

d) The shorier lifetime refers to the k)

astronger emission pulses 1)
e) Probable fluorescence gquenching m)
due to gas Impurities (oxygen?)
0 Ref. 16 :
) Ref, 16

mm(;ompound . - Liq_ﬁid : Vapor Buifer Gas Remarks
Te (nfs) Vp T Y
Perylene 6. 4% . 94% a
Perylene ~d, 1 0,39 COy(1 Atm) b
Perylene 3.7%0 G50 tory N2 c
Perylene 4,.0+0, 20 torr Ar c, d
' fo
3.0£0,
Perylene 2.34 0. 20 tory Ar c, e
9, 10 Diphenyl- 9.35 1,00 a
anthracene ' 0. 04 £
0.8 g
2,840 100 tors Ar ¢, h, i
Coronene ~300 20.9 m
Coronene 57 200 torr Ar ¢
Rhodamine B 3.2 a
3.040, 200 torr He c, }
Rubrene 16.5 2.6+ 0. 200 torr He ¢,
Dhnef;hyl—popop 1.5 0,93 1.5 100 torr Ar c, k
0.6 100 torr Ar e, 1
i
a) "Refl. 5 h) Thermal decomposition
b} Ref, G . i) Incdication of apiking at pulse peak
e) This work i} Blue emisgion

At 315°C
At 331°C
At 100°K, {from Ref,8




- 8 -

ranging, as already mentioned, from 3 to 4 ns, depcndiﬁg on the emission intensity.
Another luminophor fested, namely 9, 10-diphenylanthracene, quickly decomposed on

' heating the cell; before extensive decomposition oecurred, the emission pulses showed
indication of spiking at the pulse peak., Both Rhodamine B and Rubrene weakly emitted
blue fluorescence under uv excitation. The same vapors, when excited with blue and
green argon-laser lines, gave a yellow emission, The reasons for different emission
behavior from these vapors as a function of excitation wavelengths ave presently un-
known, Galanin and Chizhikova have recently reported a blue fluorescence in solutions

I

of Rhodamine GG originating from an upper excited electronic level,

The decay time for coronene was unusually long (< 7 ng) and could not he
reliably measured with the pump pulse-irain used, which was chavacterized by an
interpulse separation of 9 ns. Coronene has been lased under flashlamp excitation in

an organic glass at low temperatures,

The failure to observe stimulated emission in the organic luminophor vapors,
when the same effect is casgily achieved in solutions or Rhodamine 6G, prompts an
examination of the feasibitity of the proposed process itself, and of the actual procedure
followed to veveal it. We shall indicate how we see no basic physical reasons against
obtaining population inversion in vapors of-complex organic molecules. Hence, our
lack of success was due either to inappropriate choice of pumping conditions, or to a
poor choice of test substances. Although these two aspects of the problem are closely
inter-related, we are inclined to asceribe our negative results to the limitations in our
particular choice of pumping, with its inherent lack of optical feedback, 'The bhasic
question of feasibility will be considered first, with emphasis on emission, Stokes-

shift, and gquantum yield for fluorescence in the vapors.

The different behavior of solutions and vapors with respect to obtaining popula-
tion inversion under laser pumping must be sought in the features that ave typical to
the vapor state of the compounds considered, namely a temperature at least 100°C above
. room temperature and the absence of solvent collisions. The vapor state is attractive
from the point of view of exciting the active species in an electrieal discharge,2 hut a
price has to he paid for the absence of the solvent molecule.

In the liguid phase, collisions with the solvent molecules guite generally insure

fast thermalization of the excited electronic state, resulling in the all-important Stokes

shift between absorption and emission bands. In the vapor phase, the dense distribution
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of vibrational-rotational levels in "complex' molecules is effeetive in redistributing
excess vibrational energy priov to radiative decay, even in the absence of intermoleculay
collisions. The Stokes shift of absorption and emisgsion bands is thus realized, and the
gross features of the vapor emission parallel those of the corresponding solutions. Asg
for the details of the vibrational relaxation in the vapor phase and, ultimately, the value
of the quanfum yield for fluorescence, the situation is more complicated than in solu-
tions, Even from the very scant information that is presently available on relaxation
processes in the excited electronic states of complex molecules, it appears that the
molecular geometry of each individual compound plays an important role 9 in the relaxa.--
-tion, in sharp contrast to the case of golutions. Tn the cage of vapors, il is safe to
assume, even if éxceptions do exist, that nonradiative deactivation playsa proportionally
greater role than in solutions, and that this role ig steeply enhanced by the increase of
the vibrational energy content in the excited electronic state., This topic has been
thoroughly considered using a statistical approach in a recent monograph by Borl,sevmh 10
In the case of vapors, all processes that reduce the vibrational energy content of the ex-
cited state (namely, reduced system temperature, longer wavelength of excitation, and
collision with a buffer gas) will in general increase (Neporent's stabilization effect)l1
hoth the floovescence quantum yicld and the fluorescence lifolime. The lattev guantities
are comected to the transition probabilities of radiative and nonradiative deactivation by

-the simple expressions:
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where Y ig the quantum yield for fluorescence, 7 t is the radiative lifetime, A(E*) and

d(E ¥} are the radiative and nonradiative transition probabilities, respectively, dependent
on the vibrational energy £* in the excited state, the dependence heing quite strong for
d(i*), The statistical averages over A and d are carried out over the manifold of levels of

the excited electronic state, the averaging procedure depending on the exact details of the

exmt'tuon. 10

On the basis of the above equation, and the v'xpor phase fluorescence lifetime, the

guantum yleld for fluorescence for vapors of the substances considered here should be typically
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lower than the corresponding solution values by at most a factor of 2 {o 3 (except for

the case of Rubrene), since the ratio 'yf/frf Km(}"é_*T)‘ should yemain fairly unchanged from
the liquid to the gaseous phase. The two combined effects of reduced Y and T in the
vapors (in conjuction with spectrally broader absorption and emission bands by compari~
son with solutions) will undoubtedly raise the threshold requirements for stimulated
emission, The dyes commonly used in lasers have quantum vield for fluorescence

¥~ 0.8 to 0.9; but lower values of Y like those of the vapors considered here should
not preclude laser action under fast, intense excitation. As a limiting case we may
point out that solutions with ¥ a8 low ag 10"3 have been lased in solutions_ ,12 using
transverse excitation from a Q-switched ruby-laser and with the active solution in a
resonator. On the one hand, these considerations confirm the feasihility of the effect,
and conversely suggest a better experimental approach to the problem. An experiment
in which the chances of success are maximized would involve the ﬁse of a @-switched
laser, without frequency~doubling, and pumping {ransversely a dye vapor in a resonator
structure.. As test substances, to be pumped at the ruby frequency, we suggest dyes

of the cyanine class, since the phthalocyanines, for example, are known to be sublimable.

The question of the proper choice of the test substances in our studies will now
be considered. Of all the-samples studied, perylene had the sivongest lluorescence and
was chemically stable at the vaporization temperatures. In addition, some spectroscopic
parameters for vapor—phase perylene are known, so thz{t peryléne should be an excellent

candidate for population inversion.

The absorption and emission spectra of perylene vapor have rbeen reported by
Borisevich and (,‘xl*uzln'msky.l3 Their data make if possible to estimate the efficiency
of pumping at 347 nm, the wavelength used in our experﬁnents. At this wavelength,
excitation takes place on the high-energy side of the main absorption peak, in a region
where the normalized absorption coefficient € /e max is wl()ml. As for the rate of
internal relaxation within the excited electronic state, Borisevich and Gl‘l[ZhillSkylS
conclude from the study of the absorption and emission specira of perylene that

 Stepanov's universal relation is satisfied; namety, that the equilibrium distribution of
vibrational energy in the excited electronic state is established prior to the radiative
' decay. In the excited electronic state, the effective temperature characterizing this
equilibrium is roughly 40°C above the gas temperature for excitation near the main
absorption peak. For excitation at 347 nm (our pumping wavelength), the situation is
less favorable because the effective excited-state temperature is roughly 180°C ahove

oo 10 .
the system temperature (see Borisevich, page 152). This would suggest that at 347 nm
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we may run into difficuliies due to an inercased role of radiationless vs. radiative
deactivation. But Gruzhinsky 14 also reported that the fluorescence efficiency in perylene
is independent of Vexe (excitation frequency), and, as a further evidence of the insensgi-
tivity of the molecule toward nonradiative decay, that Y is fairly independent of changes
in temperature‘, Voo and the average collision time with a buffer gas. If this is the
case, the fairly high value (yp~0.39 in Table 1) of the quantum yield for fluorescence
should apply to a wide range of experimental conditions, including those employed in

our experiments.

We still maintain that perylene is an excellent candidate to test the feasibility
of lasing in vapors of complex inorganic molecules, The experiments should be repeated
by transversely pumping perylene vapor in a resonator structure using a frequency-
doubled, Q-switched ruby-laser, or simply a nitrogen-laser. An even better experimen-
tal approach to test the effect in general would be the use of a Q-switched ruby-laser,
without frequency-doubling, to transversely pump one of the cyanine dyes, again con-

tained in a resonator.

We may also add that, for a better insight info the mechanisms involved in the
optical pumping, there is a definite need for more complete spectroscopic parameters
of the vapors involved; namely, absorption and emission spectra, excited-state absorp-

. tion, and the determination of the number density in the vapors at the various operating
temperatures. This is because, contrary to the case of solutions, the optical properties
of the vapors are generally quite sensgifive to temperature and excitation wavelength.
Thus, Bakhshiev, et al .]‘5 have reported, for instance, that e of 9, 10-diphenyl-
anthracene decreases with increased temperature and excitation frequency, Vesio® They
report a fluorescence quantum yield of 0. 04 in the vapor, a precipitous drop from the
solution vaiue,5 of 1,00 in cyclohexane and 0, 74 in ethanol. Ste".rens,l6 on the conirary,
reports T = 0.80 for the vapor. These discrepancies are a further indication of the
need for additional detailed data on the emission propérties of complex organic molecules

“in the vapor phase.
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