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ABSTRACT

—_—

Description of experiments bearing on the problems of the
spectral behavior of passive Q-switched lasers and of the physi-
cal behavior of passive Q-spoiling materials are given. The
results of experiments of the temporal and frequency locking of
two lasers, coupled by a bleachable dye are described. Further
experiments pertinent to the problem of spectral cross-relaxation
are described. The stimulated emission of several organic dyes
in the visible spectrum and the demonstration of efficient spectral
narrowing and tunability over a wide spectral range is described.
The results of frequency doubling a dye laser are presented.

Mode locking of the dye laser with picosecond pulses, tunable
over a broad range, is reported. The results of experiments
concerned with the thermal and photochemical responses of two
polymethine dyes used for Q-spoiling the Nd laser are given.

Five articles published or to be published, all supported
by this contract, are reproduced as appendices.
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FOREWORD

This report was prepared by the Optical Physics Division
of Korad Department, Electronics Division, Union Carbide Corporation,
Santa Monica, California, under Contract Nonr-5150(00) entitled
"Spectral Properties of Passively Q-spoiled Lasers". The study
was conducted under the project leadership of B. H. Soffer with
O. Cernichiari, H. Kimura, J. W. Linn, B. B. McFarland, and
R. C. Pastor participating.
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Section 1

INTRODUCTION

The object of this program was an experimental research study
of passively Q-spoiled lasers and the physical behavior of passive
Q-spoiling materials. In particular, the study has been directed
toward gaining further insight into the mechanisms of spectral
relaxation, diffusion, and spectral 'hole burning'" in laser and
passive Q-spoiling materials. The distinction between these two
classes of materials have been diminished because of recent demon-
strations of stimulated emission from organic dye Q-spoiling
materials as well as from other organic dye solutions. We have
turned our attention in the latter half of this contract period
to the interesting spectral, spatial and temporal problems associ-
ated with these dye lasers. We have also examined some photo and
thermochemical responses of the dyes pertinent to the problems of
stability.
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Section 2

TECHNICAL DISCUSSION

A. Spectral Cross-Relaxation Studies

(1) Frequency Locking and Dye Spectral Hole Burning

Concurrent with the discovery of the passive Q-switch,
we had observed that the output spectrum of a giant pulse ruby
laser can be considerably narrowed, sometimes resulting in single

1/

frequency operation.=' Subsequently we have found that the usual

wide spectral envelope of lines of the Nd3+

glass laser is effi-
ciently condensed to a single narrow line when passively Q-spoiled
with bleachable dye.gii/ We have similarly observed a narrow
spectral output when the passive Q-spoiler was bleachable glass

or semiconductor mirrors. Recently a single line output has been

4/

observed from a Nd3+ glass laser Q-spoiled with a rotating prism.-—

An early question that arose was whether this narrow
spectral output of dye-swilched lasers was due to the behavior
of spectral diffusion or relaxation in the laser material, or
whether it was due to narrow spectral hole-burning in the bleachable
absorber. Theoretical analysesé*é/ have indicated that if the

1/8. H. soffer, J. Appl. Phys., 35 2551 (1965)

g/B. B. McFarland, R. H. Hoskins and B. H. Scffer, Nature 207
1180 (1965)

3/B. H. Soffer and R. H. Hoskins, Nature 204, 276 (1964)

43, K. Wright, C. H. H. Carmichael and B. J. Brown,Phys. Letters
16, 264 (1965)

éfw. G. Wagner and G. Birnbaum, J. Appl. Phys., 32, 1185 (1961)
Q/w. . Sooy, Appl. Phys. Letters 7, 36 (1965)
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laser precursory statel/ lasts long enough, weaker modes are
suppressed and eventually the stronger one (or ones) will
dominate. This is a sufficient explanation for the spectral
behavior of passively Q-spoiled lasers but it does not rule
out the possibility of some mode selection by a degree of
spectral hole-burning in bleachable a“sorbers used as Q-
spoilers. The relaxation of at least the excited states of
such dye molecules can be inferred to be much faster than the
giant pulse times (10"8 sec), from the phenomena of Stokes
shifted fluorescence so that one expects very fast spectral
diffusion within any hole burned line; so fast, that it might
not influence the spectral behavior of the laser. Indeed,
experiments conducted (with phthalocyanine solutions), at the
moment of the giant pulse with resolution times of the order
of the duration of the giant pulse, seem to show a homogeneous
saturation.lﬁg/ We report here experimental evidence in sup-
port of the existence of significant hole burning in these
dyes.

The experiments utilized in the narrow spectral output
of one passively Q-spoiled laser to bleach the passive cell
of another laser. If the frequencies of the lasers locked to-
gether, and if other causes could be elininated, then spectral
hole-burning would be in evidence.

In the first set of experiments, two ruby lasers were
cet orthrgonally with the output of one passively Q-spoiled
laser directed upon the cell of the other (see Figure 1 and 2).
The cell, with 4 polished windows and a path length of 17 mm, was
near the dielectric mirror of maximum reflectivity. Equivalent
results were obtained when solutions of an organic base salt
of sulfonated metal-free phthalocyanine (see Figure 3) in
methanol or solutions of sulfonated metal-free phthalocyanine

l/F. Gires and F. Combaud - J. de Physique 26, 325 (1965)

Q/W. F. Kosonocky, S. E. Harrison and R. Stander, J. Chem.
Phys. 43, 831 (1965)
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;

Figure 2

Experimental Arrangement for
Frequency and Temporal Locking Studies
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in methanol (solvated with a drop of water) were used. These
dyes, with lifetimes of several nanoseconds and cross-sections
o~ 10'16 cm2, are amongst the easiest to bleach and ttis
solvent with its high threshold allows the possibility of
obviating the spectral complications of the stimulated Raman

and Brillouin effects.

Dielectric mirrors of ~ 307 reflection or sapphire
resonant reflectors were employed as desired, at the output

ends. Ruby rods, .05% cet3
8

, 10 cm x 1.4 cm were employed. Out-
puts, typically 1 x 10~ watts, were monitored with a planar
photodiode. The signals were displayed on a traveling wave
oscilloscope. Both laser heads were water-cooled independently

so tiat diffc rent operating temperatures (in the neighborhood

of room temperature) could be achieved in order to effect spectral

shifts.

To study the spectral behavior of the system, the
Fabry-Perot interferograms using 4 cm and 1 cm spacers, were
effectively bifurcated, each half showing only the spectrum of
one of the two lasers. When the lasers were set with their
polarizations coincident, for example, the plane of polarization
of one of them was rotated by 90° outside the cavity just before
the Fabry-Perot with a half wave plate with principal axes at
45° to the plane of polérization and the light was analyzed at
the film plane of the Fabry-Perot apparatus. Care was taken
to eliminate stray, scattered, depolarized and extraordinary
laser light so that the representation was faithful,

When the input to each laser was adjusted so as to give
a single comparable giant pulse, temporal synchronization did
occur if the relative delay of inception of pumping was within
definite limits (~ 4004 sec’'. With longer delays two characteris-
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tic and unsynchronized pulses were produced; one from each laser.
When '"synchronized'", the synchruinizatiocn was never exact but the
pulse of the ''slave' laser always followed b some 50 nanosec.

(see Figure 4.)

With the lasers held at several degrees centigrade apart,
and operated so as not to be synchronous, they always yielded
disparate interferograms indicating operation at different fre-
quencies as was to be expected. (See Figure 5A.) When the
lasers were operated synchronously, the slave laser always locked
to the frequency of the master and usually exhibited a set of
extra lines not observed in the spectrum of the ''slave'" laser
when fired alone. A typical example is shown in Figure 5B. The
locked-in line is not always the most intense of the set.

A second experiment, a variation of the first, was per-
formed wherein the lasers were set orthogonally, with crossed
cavities (see Figure 6). A common passive Q-spoiling cell served
for both lasers at the intersection of the cavities near the
mirrors of maximum reflectivity. Exactly the same spectral and
temporal results were obtained as described above. Either laser
could be made to drive the other by varying pumping time and
rates. As in the first experiment, the slave could be pumped to
just below the point where it could lase alone and again it would
slave with the same spectral and temporal properties already
described. Again, as in the first experiment, the polarizations
of these lasers could be set orthogonal (vertical and horizontal)
and still each one could be made the master for the other. This
has bearing on the question of scattering as discussed below, but
it 1s notewcrthy also for it shows that the dichroic dye molecules
bleach isotropically even in the time of a giaut pulse due to
rapid collisions with the solvent.

In a third set of experiments, a non Q-spoiled "spiking"
laser was the master laser outside the cavity of the slave in the
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Figure 4 |

"Synchronized'
pulses.

50 nanosec/div.

The pulses were
made to appear with

different amplitudes
for identification.

Figure SA

Interferograms of
unsynchronized
giant pulses.

Figure 5B

Interferogram ) £
"synchronized"
giant pulses,
howing one super-

numerary line in
the slave laser
pectrum,
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configuration of the first experiments (see Figure 7). The spikes
were typically of the order 105 watts peak power and 10'7 sec
duration. The total envelope of the snikes was 2 x 104 sec. This
was sufficient to trigger the giant pulse of the slave as could

be determined by reducing the pumping of the slave to below where
it would oscillate by itself. The giant pulse of the slave occurred
10-4 sec after initiation of the master. The ordinary laser was
constrained to give a simple spectrum with a 1 cm-1 interorder
spacing sapphire resonant reflector inserted in the cavity. The
slave did exhibit frequency locking to that spectrum and also
produced additional lines. Here again these results could be
produced with the polarization of the lasers set orthogonal.

To check the possibility that these orthogonal cavities
were coupled by scattering from the dye cell and thereby exhibiting
common frequencies, an experiment was performed wherein light was
deliberately scattered into the cavity of the giant pulse laser
from the ordinary pulse laser. The beam was directed onto a cell
containing a scattering solution cf synthetic ''cream', juxtaposed
in series with the dye cell in the cavity of the giant pulse
laser (see Figure 8). We separately measured the ratio of scat-
tering cross-section of dye cell to scattering cell and the
various depolarization ratios. Using a high 'cream'" concentra-
tion and adjusting the polarization of the lasers both vertical,
we were able to scatter > 102 times more spectral power density
into the giant pulse laser cavity than the dye cell did in the least
scattering polarization configuration of the third set of experi-
ments described above. No spectral locking nor any perturbation
of the giant pulse spectrum was observed under these circumstances.

It is clear that scattered radiation was not responsible
for frequency locking. We conclude from these experiments, that
hole-burning in the dye, however rapid its spectral diffusion
may be, is the cause of the frequency locking. The results of



Page 12

sjuawtaadxy Jo 39§ paTyl JOo awayds

0dD

A

[ 2an31Jg

dd

-

)




Page 13

sjuawraadxy 3uraaljjeds Jo awaYyd§

vl

A0

o[ O

g 21nd1y

JS

dM

dd

—




Page 14

these experiments do not invalidate, but supplement the mode
competition or "natural selection of modes" theoryQLg/ of the
spectral behavior of passively Q-spoiled lasers. The generation
of still additional lines in the slave laser spectrum may
possibly be explained by noting that the slave signal is somewhat
deprived of its norma.ly large number of loop transits building
up out of nosie, which is believed required to suppress weaker
modes.é/ However the existence of these lines may be evidence of

frequency pulling by the master.

(2) Multi Spectral Line Bleaching

An experiment was performed to study the spectral cross-
relaxation behavior of a polymethine dye used as a saturable
absorber for Q-spoiling. The problem considered was the compara-
tive efficacy of a single spectral laser line and several spectrally-
separated lines of the same total power in bleaching the dye. 1If
the dye soluticn has, for example, a very long spectral relaxation
time, referred to a particular spectral separation (greater than
the separation of the inhomogeneous components). then the severzl
separated weak lines would not aid each other in the bleaching
process and would not have the over-all bleaching effect of a
single more powerful line operating in the more saturated region
of the dye transmission characteristic. Thus, by varying the
number of lines and their spectral separation, one might map the
details of the spectral relaxation pronerties of the dye.

The dye studied was the Kodak Q-spoiling dve #9740 (EKD),
which is undoubtedly* a polymethine dye in the carbocyanine dye

-

9/

=" In support of this theory we found that thglspectral linewidth
of a ruby laser, mode selected with a 1 c¢cm”~ resonant reflector,
was a monotonic, increasing function of the angular velocity of
the Q-spoiling prism. At the longest period (2.5 msec) the
linewidth was 0.02 cm~l, At a period of 0.64 msec the linewidth
doubled.

At this writing, Eastman Kodak will not reveal to us the chemical
nature of the dye.
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family, dissolved in chlorobenzene. An Nd+3

glass laser was em-
ployed in order to obtain large variations in both the number

and separation of spectral components, ac desired by the use of
resonant raflectors. A schematic representation of the experi-

3 glass laser,

mental apparatus used is given in Figure 9. The Nd™*
Q-spoiled with EKD, was used as a source to bleach another cell

of EKD. Two photodiodes sampled the signals both before and after
the test cell to measure a bleaching or saturation characteristic
curve (i.e., peak power transmission vs. peak power input). The
signals from both diodes were displayed on a traveling wave
oscilloscope trace, one signal being delayed some 50 nsec by a
length of cable. Spurious reflections engendered by a non-match-
ing T-connector were eliminated by terminating the cables with
matching impedances at the photodiodes. The system was also
operated with a cell of solvent ulone, replacing the dye cell,

as an aid to calibration and a check on solvent nonlinear be-
havior. The beam was finally directed to a 3.4 meter spectrograph
where the laser spectrum was analyzed. The spectral plates were
not photometrized -- all photometric data being recorded by the

photodiodes.

A typical bleaching curve is shown in Figure 10. Single
spectral component data points are distinguished from the multi-
spectral component data points. In this set of data, the
spectral separation ot the components of the multi-lined channeled
spectra was one wavenumber. No significant variation, outside of
the experimental errors, can be noted even when as many as six
spectral components were employed in a pulse. An analysis of the
data shows that if any spectral '"hole burning' occurred within
the observable time resolution defined by the giant pulse experi-
ment, then it was at least five times smaller an effect than the
maximum effect expected for the case of very long spectral re-
laxation times -- the bound being set by the average deviation
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of the errors in the measurements. Therefore, either the individual
homogeneously broadened components of the dye absorption spectrum
are wide, compared to about 6 cm-l, Oor cross-relaxation times

within this spectral range are too rapid to have consequences
observable by this technique.

An incidental systematic effect observed in collecting
this data is noteworthy. At any arbitrary positioning of the beam
splitters (wedged to obviate interference effects) and the photo-
diodes, generally greater disparate skewed and structured laser
power pulse shapes would be recorded, even with no dye or control
cell interposed in the beam. This was carefully demonstrated not
to be an instrumental problem by permuting the delay lines, the
photodiodes, and other portions of the apparatus. Only by the
judicious adjustment of the angular and spatial sample of the
laser beam directed into each diode could the pulses be made con-
gruent, the pulse shape depending on the particular choice made.
We conclude from this, therefore, that each giant laser pulse is
spatially and angularly quite variable in its temporal character
and only the average over space and angle has the smooth "bell"
shape character usually reported.

In the course of the spectral hole-burning studies
described above, it was observed that the Nd+3 glass laser passively
Q-spoiled with bleachable dyes exhibited a certain erratic spectral
behavior from pulse to pulse. The laser would usually emit a
single narrow line, and could easily be constrained to do so with
resonant reflectors. But, even so constrained, the wavelength
of the emission would vary from pulse to pulse. Occasionally, a
burst of several lines would appear -- channeled at the inter-
order spacing of the resonant reflector. Furthermore, this effect
was observed to some degree with both the Koradlg/ and the Kodak

Q-spoiling dyes.

lg/B. H., Soffer and R. H. Hoskins, Nature, 204, 276 (1964). See
also "Eastman Q-Switch Solution 9740", a circular released by
Distillation Products Industries (October 1965).
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B. Stimulated Emission in Organic Dyes

(1) Visible Stimulated Emission from Organic Dyes

Organic dyes have recently been shown to exhibit stimu-
lated emission when excited with the high brightness of a ruby
laser. These dyes have consequently emitted radiation in the
neat+ incirared. We have demonstrated efficient laser emission in
the visible region using dyes such as the rhodamines and fluores-
cein. Dyes in the xanthene and related families have conspicu-
ously high fluorescent quantum efficiencies -- the more commonly
available ones having their absorption bands located in the
ultraviolet and blue-green, precluding direct pumping with such
lasers as the ruby or neodymiw. lasers at power levels of
~ 10 Mw/cm2 (see Figure 11). Peak laser wavelengths are tabulated

in Table I. Conversion efficiencies of more than 157, were obtained.

Table 1
Laser Source
Wavelength Wavelength

Solvent (mu) (mM)
Fluorescein water DD 347
(disodium salt)
Acriflavin ethyl alcohol 510 347
hydrochloride
Rhodamine-B " 577 347,530
Rhodamine-G " 585 347,530
Rhodamine-6G " 565 347,530

The output beam angle of the dye laser can be narrower than that
of the laser pump when the pumping is uniform as in the case of
axial pumping. Over-all brightness gains have thus been realized.
Thresholds, depolarization effects upon the pumping radiation,

and other particular details are given in Appendix B, a reprint
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Figure 11

Schematic Diagram of Experimental Apparatus
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of a recent publication describing this work. It is noteworthy
that the organic dye solution laser emits a spectrally variable
and spectrally broad pulse up to some hundreds of wavenumbers
wide, depending upon dye concentration, cavity length, and con-
ditions of cavity gain (see Figure b 2)m

(2) Continuously-Tunable Narrow-Band Orgdanic Dye Lasers

We have demonstrated efficient spectral narrowing and
continuous turnability in organic dye lasers over bandwidths
that are large compared to the ordinary lasing action by using
diffraction gratings as cavity reflectors (see Figure 13). These
effects have been demonstrated in the visible spectrum with
rhodamine 6G and in the near infrared with a carbocyanine dye.
With a particular rhodamine laser, for example, the spectral
bandwidth was reduced from 60 R to a single line of width 0.6 R
when a grating of 2160 //mm was employed. The efficiency of
this spectral "condensatioa" was approximately 707 in the region
of normal dye lasing action where peak output is obtained. The
range of tunability at the half-power points was some 200 R, a
value greater than the bandwidth of normal lasing action (see
Figure 14). Powers were in the range of 2 x 106 watts, but no
attempt has yet been made to optimize or maximize this value.

Similar results were obtained with a solid sample of
rhodamine 6G in polymethylmethacrylate pumped with the second
harmonic of a Nd laser, the first demonstration of organic
singlet-singlet lasing in the solid state. Furthermore, simiiar
tunable lasing behavior was obtained in the near infrared region
with 3,3' diethyl-thia-tricarbocyanine iodide in ethanol, pumping
with a ruby laser. Additional details of the continuously
tunable lasers are given in Appendix C, a preprint of a recent

publication describing this work.
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Figure 12

LPL Emission Wavelength vs. Absorpticn
Coefficient for Rhodamine 6G Dissolved
in Ethyl Alcohol
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Relative efficiency of tunable rhodamine 6G laser vs. wavelength.
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~+—Dielectric reflectors. Arrows indicate spectral bandwidth

for this case, Lower trace:(:> optical density 0.35 (347 mu).
Grating in cavity-e—e=Dielectric reflectors.
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The spectrally broad output of the .irious families of
dyes thus far successfully employed as organic dye lasers has
led observers to consider them as primarily inhomogeneously
broadened systems. Broadening of the spectral emission with
higher cavity gain conditions further supports this outlook.
The high relative efficiency of narrow linc emission we obs:rve
however, points out the need for qualifying this view. The upne-
laser state is evidently homogeneously broadened.

It is expected that many related dye [rnilies will behave
in a similar fashion ard that the entire wavelength domain, trom
347 mu (ruby second harmonic) to about 1u, could be practicably
spanned according to these techniyues.

(3) Additional New Dye Lascr Materials

Two new, blue-violet emitting successful organic dye
laser materials were found in this period: Esculin and Acridone.
Subsequently, almost simultaneously, other workers rediscovered
these or related molecules as dye laser materials. The structural
chemical formulas of these species are shown in Figure 15. The
room temperature absorption and fluorescence -jectra of these
molecules in methanol solutions are displayed in Figure 16. Both
species exhibit the typical mirror symmetry of absorption and
fluorescence characterisitic of organic compounds, but it can be
seen that the vibrational and other structural features evident
in the spectrum of Acridone (upper trace) are mitigated in the
diffuse and broad spectra of Esculin. It was thought that thi:-
may be caused by the sugar-like part of the Esculin molecule
(cf. Figure 15) whose many possible steric forms may be responsible
for an inhomogeneously broadened spectrum. Furthermore, this
sugary part of the molecule imparts a small optical rotary power
whose effects upon the generation of stimulated emission are of
interest. Several relatives of Esculin without the sugar-like
part, Coumarin, Esculatin. and Umbeliferone were examined spec-
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troscopically. It was found that the spectra showed increasing
complexity and broadening corresponding to the increasing number
of OH groups in this series. The sugar-like part has little
effect. Furthermore, no effects of the optical rotation upon
lasing could be noted. The laser output when pumped with the
second harmonic output of a giant pulse ruby laser (347 mu), was
found to be two times greater for the Acridone than for the
Esculin solution (at optimum concentrations). The broad output

of wavelengths for both dyes was centered in the neighborhood

of 434 md, It should be noted (cf. Figure 16) tb t self-absorption
in this region is more significant for Esculin (lower trace) than
Acridone (upper trace). The Acridone laser at outputs of 1.5
megawatts had a power efficiency of 0.97% defined as output divided
by ruby fundamental input. The ADP doubling crystal with an
effective area of 0.6 cm2 worked at 5% efficiency.

Tt is interesting to note that the added presence of
50 Mw/cm2 ruby emission (694 md) in the pumping light tends to
inhibit the lasing of Acri:done but not of Esculin. The output
was reduced to 0.5 Mw and the efficiency to 0.25% (including
corrections for filter factors ). As the ground state of Acridone
does not absorb ruby light, one may ignore the possibility of
thermal degradation of the optical quality of the Acridone laser
and conclude that the effect is due to an excited state absorption

from the upper lasing level.

(4) Frequency Doubling the Organic Dye Laser

Experiments were performed with an ADP frequency doubling
crystal in the organic dye laser cavity. Pumping a solution of
the dye 3,3' diethyl-thia-tricarbocyanine iodide was effected
with ruby fundamental laser radiation. The broad 190 R wide

spectral emission of the fundamental near 0.84 transforms into
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narrowed 20 R spectral width to be consistent with a &4 X 10'3

radian beam angle. At a given orientation only a fraction of

the available wavelengths in the fundamental are efficiently

phase matched for frequency doubling. The wavelength of emission
can be tuned by rotating the doubler crystal but the output power
falls rapidly following the square of the fundamental power vari-
ation with wavelength. A diffraction grating was used, as

described earlier, as a cavity reflector to efficiently condense

the output into a single narrow 9 ® line using a 1200 &/mm

grating. To span the whole useful range with good efficiency

the doubler crystal, as well as the grating must be rotated. The
lasing efficiency of Acridone, using a fixed ruby fundamental

power, was compared to that of the 3,3’ diethyl-thia-tricarbocyanine
jodide operating with the frequency doubler in the cavity. Acridone
with N = 0.9% had twice the power efficiency. However, the re-
flectivity of the cavity mirrors was not optimized at both
fundamental and harmonic frequencies to capitalize on possible
regenerative effects of the doubled light.

A highly structured channcled spectrum was sometimes
observed with this system (less the grating) but with poor re-
producibility. These channelings have also Leen observed without
the incorporation of a doubler crystal. As they have not been
observed in a system operating with a specially constructed cell
having Brewster windows on all surfaces, internal and external,
we believe they must have occurred by accidental Fabry-Perot

type resonance in the cavity.

(5) Mode Locking the Dye Laser

In our quarterly report (1 Oct - 31 Dec 1967) we reported
preliminary observations which indicated a degree of mode locking
in an organic dye laser which might be sufficient to yield pico-
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second pulses, A Rhodamine 6G dye laser was pumped with the
second harmonic of a mode-locked Nd laser. The length of the
organic dye laser was made equal to or a submultiple of the

pump cavity length, and trains of pulses were observed with
subnanosecond resolution in the output of the dye laser. The
existence of these pulses, with proper temporal periodicity is

4 necessary condition for the dye laser to be mode locked to
some degree. Similar observations done independently and simul-
taneously by another group were recently reported in the litera-

ture.ﬁ/

A mode-locked neodymium glass laser was constructed for
use as a pumping source for the organic éye laser. A photo of
the experimental apparatus and a schematic diagram may be seen
in Figures 17 and 18. All intracavity reflective elements were
set at the Brewster angle and mode locking was effected by the use
of a bleachable absorber near the 1007% reflector in a cell posi-
tioned to minimize the intensity of satellite spikes on the main
pulse train. The pulse was structured in groups of 10 or 11
individual pulses separated by 1 x 10.10 sec, an interval deter-
mined by the internal round trip in the cavity output reflector.
The surfaces of this glass reflector were wedged at 2' and one
surface was coated with a 30% dielectric reflector creating a
lower resonator. These groups of pulses themselves, were sepa-
rated by 3 x 1077 sec, 2L/C of the cavity with typically 10-15
sets between the half power points. Picosecond pulses were
detected by the two photon excitation of fluorescence technique.
A photo of this representation of the pulses is shown in Figure
19. A solution of Rhodamine 6G in ethyl alcohol was emgloyed
as the fluorescent medium. The seccond harmonic of this laser
generated by an ADP crystal revealed the same pattern of pulses
with the same temporal duration of 4 * 1 x 10712 sec. A solu-
tion of Esculin in ethyl alcohol was employed in this case as
the two photon fluorescent medium. The spectral bandwidth cf

the output was 150 cm”l.

ll/w. H. Glenn, M. J. Brienza and A. J. DeMarice, Appl. Phys.
Letters 12, 54 (1968)



—

Photograph

——

) 1

lfirnJrQ 1
Experimental

Apparatu

Page

31




Page 32

4 Yﬂﬂavity Reflector
Q;fhotodetector \
.\x
N\ Camera \.Photodetector
_ A\
«— Lens
= Filte: A

| - MgO Diffuse
3.4 Meter H}_ _________ _ < Reflector
Spe.troi.4ph 7 ,/ 7

Glass / / P
.""l rd
— /] )
Cavity I_.'F Irj - 2
Reflector / / 7
_ / Beam Splitter
Tw: Photon Excitation Cel.— !
H/ :%:: Filter

Lasi. g Dye Cell—/

|
A E;$;3 Cylindrical Lers

c;i;: Frequency Doubler (ADP)

I
c:;;j Output Reflector

L)

Laser
Head

J

Passive Dye
%waitch
¢199+ 7% Refl. at 1l.06pu

Alignment
He Ne Laser

Figure 18

Schematic Diagram of Experimental Apparatus
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Figure 1Y

Two rhoton Fluorescence Representation of Picosecond Pulse




Page 34

These second harmonic pulses were used to transversely
pump a Rhodamine 6G dye laser. An ethanolic solution of the
dye with decadic absorption coefficient equal to 10 at 530 nm
was contained in a cell constructed with internal and external
window surfaces disposed at their respective Brewster angles.
See Figures 17 and 18. The internal length of the cell was L+15 om.
Laser action in unwanted directions was suppressed by degrading
all optical surfaces excepting the windows. Wedged dielectric
coated mirrors of ~ 997 reflectivity and of 60-90% output re-

flectivity were employed.

When the dye laser cavity optical length LL’ was made
equal to (or to a small submultiple of) the pump cavity optical
length Lp and the Rhodamine laser dye cell put at the end of the
cavity, trains of fully modulated pulses of periods equal to
(or to small submultiples of) the pump pulse were observed with

10 sec using a planar

instrumental temporal halfwidth of 7 x 10
photodiode and traveling wave oscilloscope. With Lp = LL and

the laser cell in intermediate harmonic positions L/n, n = 3, 4;
two pulses separated by 2L/nc occurred for each pumping pulse with
one predominantly intense, as may be expected if one considers
that pulses traveling in opposite directions in the cavity, reach
the dye cell together only once per pump pulse. With the cell
centered and L, = mLp/n; m/n =2, 1, 2/3, 1/2; 2n/m pulses are
obtained for each pumping pulse, spaced at 3, 3/2, 1, and 3/4
nanoseconds respectively. These results are an extension of
findings reported earlier. When the pulse ircerval approaches

the pulse resolution time, the overlap of the instrumentally
broadened pulses reduces the apparent modulation drastically.

when two or more pulses per pump pulse occur, the first two are

of approximately equal intensity and any remaining ones show
rapidly diminishing intensity but with larger statistical vari-

ations in decay rates on successive pictures. The fluorescent



Page 35

lifetime of Rhodamine 6G has been recently redetermined as

- P 10'9 sec for an approximately equal concentration solu-
tion. This time is greater than any of the periods described
above, a condition which would diminish the effectiveness of this
dye were it used as a passively bleschable absorber to engender
mode locking with the cavity dimensions and configurations des-
cribed above. However, this is a driven system with periodic
gain modulation. The superradiant lifetime over the punping
intensity range employed was found to bc greater than 1 x 10“9
and less than 3 x 1077
and observing the ability of the emitted radiation to follow

sec by removing the cavity reflectors

stimulation of diminishing periodicity. The effective cavity
lifetime including the driven dye laser cell was inferred from
the multipulse decay rates to be between 1 and 2 nsec.

The picosecond pulse structure of the dye laser was
observed using the alcoholic solution of Esculin. Multiple ex-
posures were often required and so for convenience the two photon
fluorescence cells were sometimes positioned in the cavity, a
procedure empirically justified by the finding of no significant
change in the observed pulse shapes. More dispersive, scattering,
and generally non-linearly behaving solvents then ethanol might
be expected to cause complications. Several of the cavity con-
figurations mentioned abcve were tried all yielding similar
picosecond pulse patterns. The additional expediency of in-
creasing the f# of the camera lens with inexpensive positive
portrait lenses allowed the use of less sensitive but higher
gamma emulsions (Polaroid type 52, vy ~ 3.5 and type 146 L,

Y ~ 2.5) to photograph the two photon excited fluorescence. This
is an aid in densitometrically determining the contrast ratio
(see below), as the fractional error in contrast ratio, for an
error in optical density, is inversely proportional to gamma.

The structure of the picosecond pulses closely followed
that observed for the pump except that the pulse width was
1.1 + 0.1 x 10" sec. The contrast ratio was determined to
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be 2 + 0.2, and the contrast ratio of the pump pulse was found

to be 1.8 + 0.2, Several approaches have been taken to attempt
to realize more of the full mode locking potential of the ~ 150
cm™ L dye laser bandwidth which might yield pulses as short as

2 x 10'13 sec in duration. However, nc significant changes in
pulse widths were noted when the spatial width of the pumping
pulse was narrowed from 12 to 1 mm by focusing with a cylindrical

"1l ec pulse length, when fine

lens in order to bound the 10
variations were made in the position of the pulse in the dye

cell and the position of the cell itself, or when operating the
dye laser from 10 to as much as 20 times above threshold. Higher
output mirror reflectivities produced only trivially shorter

pulses within the estimated deviation.

One condition that might contribute to the pulse width
is a frequency sweeping of the laser output, a circumstance
reported for certain cyanine dye lasers. It should also be noted
that because of the pulse structure of each laser burst in these
experiments, each of the picosecond pulses displayed in the two
photon fluorescence technique is actually an average over > 102
discrete pulses. Each pulse may be narrower than the average
but broadened by aperiodicity within each 1077 sec group of pulses
or from one such 10-9 sec pulse to the next Furthermore, as
has recently been discussed, two photon fluorescence pictures
of picosecond pulses with contrast ratios of less than three,
the maximum value which can be obtained as for example in the
case of fully mode locked operation, are fraught with uncertainties
about the actual nature of the pulses. Contrast ratios of two
which are observed here might indicate a free running oscillation
or random (initial condition) mode locked laser, but certainly
not necessarily. It should further be noted that all experi-
mental problems as for examples, scattering, and imperfect
overlap of the beams, would tend to reduce the observed contrast
ratio. Because of this uncertainty we can quote only the bounds
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of the average peak power between a maximum and a minimum were
there no picosecond pulse content: for the pump 8 x 106 <
P watts < 108; for the dye laser 2 x 106 < P watts < 2 x 10

using an output reflectivity of 60%. A smaller number of pico-

7

second pulses might be expected to yield higher powers. The
full beam angle at half power density was measured as 2.0 mrad.

Efficiently ccnfining the spectral output of the dye
laser to 6 cm'l, by replacing one of the cavity mirrors by a
diffraction grating as described in an earlier publication, we
havildemﬂnstrated a continuously tunable source of 1.1 + Oil X
10 '

Narrowing the spectral output much beyond this would, of course,

sec pulses over a half power tuning range of 600 cm”

broaden the pulse widths. The pulse pattern again resembled the
pumping pulse structure and had a measured contrast ratio of

2 + .2, The Rhodamine cell was centered in the cavity with

L, = Lp. Using a grating of 2,160 lincs/mm of approximately
constant first order reflectivity of 587% in the range cf interest
ir the Littrow position and a 100% reflector, the average peak
power output in the zeroth order at the peak of the tuning curve
was greater than 507 of that obtained with the 60% dielectric
reflector replacing the grating. The full beam angle at half
power density was found to be 4.8 mrad.

It should be noted that pulse duration with narrow
spectral output is identical to that obtained with no grating
when the full 150 cm'1 bandwidth was generated. This indicates
that no more than 6 cm'1 of the available bandwidth cooperated

in mode lucking to produce any one short pulse.

This technique, providing tunable short pulses, is ex-
pected to work well with many families of dyes, both in liquid
and plastic hosts covering the entire range from the near ultra-
violet to the near infrared. The flash lamp pumped self mode
locked dye laser would also be ameanable to this tecanique.
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Longitudinal pumping of the dye cell should, as has been demon-
strated, reduce the dye laser beam divergence significantly.
Single tunable picosccond pulses or pulses with other intervals

should also be obtainable.

C. Reversible and Irreversible BRleaching of Dyes Used for

Passive Q-spoiling.

In the course of these studies with lasers passively Q-spoiled
with bleachable dyes, certain erratic behavior was often noticed
from pulse to pulse. Bursts of several lines, wavelength shifts,
and general deterioration of dye concentration is often observed
with all of the polymethine family of Q-spoiling dyes. We have
performed various theoretical and experimental studies, in part
supported by this contract, which have bearing upon these Q-
spoiling properties. A reaction scheme and model was developed
to characterize the stability of these solutions of polymethine
dyes with respect to other chemical species, temperature, and
infrared, visible and ultraviolet radiation. The first feature
is pertinent to contaminants occurring when the solutions are
left open to air e.g., H,0, CO, and 0,. The second feature bears
on the problem of local heating during repctitive pulsing. The
third feature is of interest from the standpoint of storage in
ambient light and radiation leakage from the flash lamp. The
observed equilibrium properties, as well as the kinetic and
steady-state parameters favored a model based on a low-lying
triplet state. The technical details of this study may be found
in Appendix E, a preliminary version of a paper in preparation
for publication. A prnctichl consequence of this work was the
achievement of a very stable Nd Q-switching solution such that

more than 105

giant Jaser pulses of 3 Mw power were generated
at a repetition rate of 10 sec”! before double pulsing occurred

in solutions of 3 cm3 volume.,
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Section 3

SUMMARY

We have reported in this contract period, experimental evi-
dence in support of the existence of significant spectral hole-
burning in certain dyes used as passive bleachable Q-spoiling
elements. The experiments were performed utilizing the narrow
spectral output of one laser to bleach the passive cell of another
laser. The frequency locking of the two lasers that ensued served
to demonstrate the spectral hole-burning phenomenon. Another of
the problems investigated was a study of the spectral cross-
relaxation behavior of a polymethine dye. The problem considered
was the comparative efficiency of a single spectral laser line
and several spectrally separated lines of the same total power
in bleaching the dye. If the dye solution has, for example, a
very long spectral relaxation time, referred to a particular
spectral separation (greater than the separation of the inhomo-
geneous components), then the several separated weak lines would
not aid each other in the bleaching prccess and would not have
the over-all bleaching effect of a single more powerful line
operating in the more saturated region of the dye transmission
characteristic. Thus, by varying the number of lines and their
spectral separation, one might expect to map the details of the
spectral relaxation properties of the dye.

The dye studied was the Kodak Q-spoiling dye, in conjunction
with a Nd*3
if any spectral hole-burning occurred within the observable time

glass laser. An analysis of the data showed that

resolution defined by the giant pulse experiment, then it was
at least five times smailer an effect than the maximum effect
that could be expected for the case cf very long spectral re-
laxation times. Therefore, either the individual homogeneously
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broadened components of the dye absorption are wide compared to
about 6 cm'l, or have consequences observable by this technique.

Both these categories of experiments, in and out of the laser
cavity, all for hole-burning effects, have been repeated or
independently performed in other laboratories. The results gen-
erally agree that hole-burning is observable in the cavity but
not outside. This result holds for both the carbocyanine and
phthalocyanine dye families. These results may be reconciled
by assuming that the lines are homogeneously broadened with cross-
relaxation times between homogeneous components short i.e., a few
percent, compared to spontaneous decay times, but still finite.
An alternate theory for the apparent hole-burning effect with
crossed lasers operating on the dye in the cavity has been given
in the literature in terms of a non-linear parametric process.

Organic dyes have recently been shown to exhibit stimulated
emission when excited with the high brightness of a ruby laser.
These dyes have consequently emitted in the near infrared. We
have demonstrated laser-pumped laser emission in the visible
region using dyes such as rhodamine and fluorescein. Pumping with
the second harmonic of ruby or neodymium lasers at about 10 Mw/cm
gave conversion efficiencies of about 157%. Higher values have
recently been reported with axial pumping by other workers who
have also simultaneously reproduced the visible emission referred
to above. It is noteworthy tnat the organic dye solution laser
emits a spectrally variable and broad pulse, up to some hundreds
of wavenumbers wide, depending upon dye concentration, cavity
length and conditions of cavity gain.

We have demonstrated efficient spectral narrowing and con-
tinuous tunability in organic dye lasers over bandwidths large
compared to the ordinary lasing action by use of diffraction
gratings as cavity reflectors. These effects have been demon-
strated in the visible and near infrared spectrum. With a
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particular rhodamine laser, for example, the spectral bandwidth
of laser emission was reduced from 60 R to a single line of
width 0.6 & with a "condensation" efficiency of 70% throughout
the region of normal laser emission. The range of tunability
at the half power (or half maximum efficiency) points was some
200 £. The total available bandwidth was much greater.

Similar results were obtained here with a solid sample of
Rhodamine 6G in plastic polymethylmethacrylate, the first demon-
stration of organic singlet-singlet lasing in the solid state.

The successful lasing of several new blue-violet dye laser
materials of the coumarin family was first described in the
reports of this contract. Frequency doubling of the dye laser
to extend its useful range was successfuly carried out here and

first reported in this contract period.

Mode locking of organic dye lasers has been reported recently
by ourselves, and simultaneously by other groups using mode locked
lasers as pumping sources. These studies reported the oscillo-
scopic observation, with subnanosecond resolution, of trnins
of pulses of considerable modulation, with periods of the round
trip cavity times. The appearance of these possibly instrumentally
broadened pulses with proper temporal periodicity is a necessary
condition for the existence of some degree of mode locking. We

-11

reported here the direct observation of 1 x 10 sec pulses

generated by a laser pumped dye laser. Furthermore, without
degrading the pulsewidth, continuously tunable outputs of 6 cm'1
bandwidth have been demonstrated. This is direct evidence that no
more than a small fraction of the available bandwidth cooperates

in mode locking to produce individual short pulses.
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Frequency Lotking aad Dye Spectral Hole Burning
in Q-spoiled Lasers

B. H. Soffer and B. B. McFarland
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FREQUENCY LOCKING AND DYE SPECTRAL HOLE BURNING

IN Q-SPOILED LASERS*

(blcachable dyes; phhalocyanine; F)

Concurrent with the discovery of the passive
Q switch, we had observed that the output spectrum
of a giant pulsc ruby laser can be considerably nar-
rowed, somctimes resulting in - single-frequency
operation.! Subsequently we have found that the
usual 50-A envelope of lines of the Nd™* glass laser
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Samia Momica, Cahforma

{Received 7 March 1966)

is cfliciently condensed to a single narrow line when
passively Q spoiled with bleachable dye.?* We have
sinailarly obscived a narrow spectral ontput when
the passive Q spoiler was bleachable glass or scun
conductor mirrors. Recently a single hine outp it has
been observed from an Nd®* glass Luser @ spoiled
with a rotating prism.*

Theoretical analyses*® have indicated that if the
lascr precursory state' lasts long cnough, weaber
modcs arc suppressed and eventually the stonger
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one (or ones) will dommate. Thins s a suthaent ex
planation for the spectral belavior of passively
Q-spotled lasers but it does not rule out the |POSSI-
bility of sone mode selection by a degree of spectral
hole burning in bleachable absorbers used as
spotlers. The relaxation of at least the excited states
of such dve molecules can be imferred to be much
Faster than the gt pulse times (10% sec), from the
phenomena of Stoke. shfied flnorescence so that
one expects very fast spectal diffusion withi any
hole-burned line: so fast, that 1t should nor influence
the specnal behavior of the laser. Indeed, expert-
ments conducted (with phthalocvanine sohitions), it
the monment of the grant pulse with resolution tmes
of the order of the duvation of the giam pulse, seem
to show it lomogeneous satnration ™™ The purpose
of this Letter 1s 10 present experimental evidence in
support of the existence of significant hole burning
i these dves.

Fhe experiments utlized the narrow spectral
output of one passively Q-spoiled laser to bleach the
passive cell of another laser. If the frequencies of
the Lasers locked together, and if other causes could
be elinunated, then spectral hole birning would be
m evidence. In one set of expermments two lasers
were set orthogonally with the outpart of one pas-
snnely Q-spoiled laser directed upon the cell of the
other. The cell, with 4 polished windows and a path

length of 17 mm, was near the diclectric mirror of

maxtmum reflectiviny. Equivalent results were ob-
tined when solunons of an organic base salt of
sulfonated metal-free phthalocyanine in methanol
or soluttons of sulfonawed metal-free phhalocva-
nme i methanol (solvated with a drop of water)
were These dves are among the easiest 10
bleach and this solvent allows the possibility of ob.
viatnig the spectral complications of the sumulated
Ranran and Brilowmmn effects

Diclectrie mmrrors of ~30% re¥fecton os sapphire

i~ed

resonant reflectors were emploved as desired art the
output ends. Rubyv rods, .05% Cr'*, 10 = 1.4 ¢m,
were emploved. Outpats, tvpically 1> 18 W were
Fhe signals
were displaved on a traveling wave osalloscope and

monttored wah a planar photodiode

niegrated signals on a convenuonal oscifloscope
Both laser heads were water cooled independently
so that different operaung temperatires (in the
nenghborhood  of  room temperature) could be
aclneved i order to eflect spectral shifis

Fo study the speciral behavior of the svstem, the
Fabrv-Perot mterferograms usig 4-cm and l-cm
spacers, were effecively bifurcaed, each half show
ing only the spectrum of one of the two lasers. When
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the lasers were set with then polatizauons coine
dent, tor example, the plane ol polartzation of one
of them was votred by 90° owside the caviny just
hefore the Fabryv-Perot with a half-wave plate and
the hight was analvzed avthe filnn plane of the Fabiy
Perot apparatas. Care was taken to elinnmate stray,
scattered, depolanized, and extraordmary Liser light
so that the representation was farthiul

Whien the input 1o caclt laser was adjusied 1o
give o single conrparable gant pulse, temporal
synchromization did occur if the relative delay ol
mception of pumping was withim defime Tt
(=400 usec). With longer delavs two characrernistic
and unsynchronized pulses were produced — one
from cach lLiser. When “ssnchronized.” the swvn
chromzation was never exact but the pulse of the
“shive” Liser alwavs followed by sonie 50 nse (k. 1)

With the lasers held atseveral degrees centgrade
apart, and operated 10 not be synchronous, they
alwavs vielded disparate imerferograms indicaung
opervation at diflevent frequencies as was 1o be ex
pected (Fig. 2A). When the lasers were operated
svitchronously, the slave laser alwavs locked 1o the
frequiency of the master and usually exhibied a set
of extra lmes not observed m the speatrum of the
“slave™ laser when fired alone. A npcal exaniple s
shown i Fig. 2B, The locked mnr line 18 not alwavs
the most mtense of the set

A second expermment, a vartaton of the first, was
performed wherem the lasers were set orthogonally,
with crossed cavities. A common passive () spothng
cell served for both lasers at the mtersecuon of the

Fig. 1.

“Svnchronized”” pulses. 50 nsec/div. The pulses were
made o appear with different amplitudes for idemibcation
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cavities ncar the mirrors of maximum reflectivity.,
Exactly the same spectral and temporal resulis were
obtained as described above Either laser could be
made to drive the other by varying pumping time
and rates. As in the first experiment, the slave could
be pumped 1o just below the point where it could
lase alone and again it would slave with the same
spectral and temporal properties slrcady described.
Again, as in the first experiment, the polarizations
of these lasers could be set orthogonal (verucal and
horizontal) and still cach one could be made the
master for the other. This las bearing on the ques-
tion of scattering as discussed below, but it is note-

worthy also for it shows that the dichroic dye mole- |

cules bleach isotropically even in the ume of a giant
pulse duc to rapid collisions with the solvent.
In a third set of experiments a non-Q-spoiled

r :

ndl

Imerferograms of unsynchronized giant pulses.

L - e

Fig. 2A.

l S —_......_...--.._-.........q._..__..-.q..—..-—.ahJ

big. 2R, Imterferograme of “synchronised™ giam pulees,
showing one supernumerary line in the slave laver specirum,
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“spihing” Laser was the master laiser outside the
cvity ol the slave i the conhigmantion of the fnst
experiments. The spikes were typically of the orden
TP-W peak power and 10 7-sec dmanon. The 1otal
cnvelope of the spikes was 2 X 10 sec Thas was
sufhaent o tigger the gt pulse of 1he slave as
could be detenmned by reducing the pumping of
the siave to below where wt would oscillate by isell.
The giant pulse of the slive occurved 10 Y sec afien
mitaton of the master. The ordiuiny Liser was
constramed to give a simple spectrom with a bom !
sapplure resonant vefleactor mserted in the cavity,
The slave dd exhibit fiequency locking 1o that
spectrum and also produced addimonal lines. Tere
again these results could be produced with the
polavization of the lasers set orthogonal,

To check the possihty that these onhogonal
cavities were coupled by scattering from the dve cell
and thereby exhibiting common ficquencies, an
experiment was performed wherein light was de-
hberately scattered into the cavity of the gian pulse
laser from the ordinary pulse laser. The beam was
directed onto a cell contaiming a scattering solation
of synthetic “cream,” juxtaposed in sevies with the
dye ccll in the cavity of the giant pulse faser. We
sepavately measured the vano of scattening cross
scction of dyc cell to scattering cell and the vinions
depe. rization ratios. Using a high “cream™ concen-
tration and adjusting the polavization of the Lisers
both vertical, we were able to scaner >1F thines
more spectral power density inte the giant pulse
laser cavity than the dye cell did i the least scatter-
ing polarization configmation of the thind ser of
experiments described above. No spectial locking
nor any perturbation of the giant pulse spectinm
was observed under these cirannstances

1t 1s clear that scattered radiation was not respon
sible for frequency locking. We conclude from these
experiments, that hole burnimg in the dve, however
apd ity spectral dillusion may be, is the canse of
the ficquency locking. The results of these ex
periments do not invalidate, but supplement alie
mode competition or “natural selection of modes”
theory®® of the spectral behavior of passivelv
spotled lasers. “The generanon of sull additional
lines in the slave laser spectrum may possibly be ex
plained by noting that the slave signal is somew b
deprived of its normally Lage number of Joap
transits building up ont of noise, which s beheved
requited 1o suppress weakor modes® Hawever the
existence of these hines may be evidence of 1
quency pulling by the master. Further experimenis
arc in progress to clanfy these manters
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We thank Omar Cermchart tor syuthesis of the

dves used in these exXpernnerits.
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“In support of thns theory ve lound that the spectral ine width
of a tuby Laser, mode selected with i L-cm ' resomant refle tor,
wdas a monotome, aincreasing function of the angular veloaty ol
the Q-spoihing prism At the longest period (2 5 msec) the hne
width was 0 02 ¢in™' Ar a penod of 0 64 msec the hie widih
doubled
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LASER SECOND-HARMONIC-INDUCED STIMULATED EMISSION

OF ORGANIC DYES*

B. B. McFarland

Korad Corporanon

A Subwmdiary of Union Cartede Corporanon
Sana Monxa, California

(Recewved 27 February 1967)

Solutions of several dves of the fluorescein family have been made 10 exhibit sumulated emission in the visible
when exated by ruby and neodymium second harmonics. Oscillation r*.reshold and conversion efficiencies are

given Depolarizanon effects in the emission are described

Recent investigations have pointed out the feasi-
biliy' " and the pracucality* of sumulated emission
from laser-excited solutions of organic dves (here-
after designated laser-pumped laser or LPL). All of
the dves reported to date have been excited with
ruby lasers and enutted in the near infrared. Thas
Letter describes the first observation of efficient
LPL emission in the visible region of the spectrum
obtained by laser second-harmonic excitation.

It is well known that dyes of the fluorescein family
have nearly-unity fluorescent efhaiencies, thus mak-
ing them likely candidates for dve solution lasers.
Their absorption bands are located in the ultra-
violet and blue-green, precluding direct pumping
with currently available high-power lasers such as
ruby or neodymium. The author has found that
effective pumping can be accomplished with the
second harmonic of ruby or neodvmium lasers

* This research s part of Project DEFENDER under 1he joim
sponsorship of the Advanced Research Projpects Agency, 1he
Ofhce of Naval Research, and 1he Deparimem of Defense
[Nonr 4130.(00)]
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generated in phase-matched ADP crystals. The
experimental arrangement emploved is shown
schemauically in Fig. 1. (Mirrors R, and R, had
reflectivities nominally 99% and 50% respectively.)
Using a Korad KI1QP ruby or neodymium glass
laser as the fundamental source, approximately
10 MW/cm? of unfocused 347-mu or 530-mu radia-
tion was available at the dye cell.

Several dyes of the luorescein family were in-

34 METEN
~ADP CRAYETAI — e L TR
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-FILTER ;..
- '."I ]
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Fig. I. Schematic disgram of experimental apparstus. £),
is mormal to Ihe page.
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vestigated using one or both of the gencrated har-
monics. Examples of the dyes exhibiting stimulated
emission are listed in Table 1. The wavelength of
peak emission was determined with a 3.4-m Jarrell-
Ash spectrograph The right-hand column of the
table indicates the wavelength of the exciting source.
The values of A given in the table are representa-
tive owing to the shift to longer A characteristically
accompanying an increase in dye concentration,*?
Figure 2, which is a plot of emission wavelength vs
absorption coefhicient for rhodamine-6G in ethyl
alcohol, is typical of all the dyes listed in Table 1.
This wavelength shift is a consequence of the effects
of self-absorption.! The spectral bandwidth of the
laser emission of all the dyes listed in Table | were
very broad; typically 50 w0 100 A.

Rhodamine-6G was selected for more detailed
investigation since the location of its ahsorption
band permits effective excitation with either ruby
or ncodymium laser second harmonic. More than
15% conversion of second-harmonic light tc LPL
emission, using cither of the harmonics, was ob-
tained from a 1.7-cm path length cell containing
2 X 10" molecules/cm® of rhodamine-6G dissolved
in ethyl alcohol. The absolute output, measured
calorimetrically, was 0.012 J with a 5-nonosecond
pulse width. Oscillation threshold in this configuia-
tion was achieved with 1.4 MW/cm? of 347-mu
radiation. This solution was then diluted to give the
same absorption cocficient at 530 mu (the absorp-
tion cross section (o) at 347 mu is 1/10 the o at
530 mu) and threshold was determined using neo-
dymium second harmonic. The results indicate that

RHODAMINE 66
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Fig. 2. LPL emission wavelength vs absorption coefficient
for rhodamine-6G dissolved in ethyl alcohol.

Table 1.

Laser Source

Wave- Wave-

length length

Dye Solvent (mpu) (mu)

Flunrescein water 535 347
(disodium salt)
Acriflavin ethyl alcohol 510 347
hydrochloride
Rhodamine-B " 577 347,530
Rhodamine-G ¥ 585 347, 530
Rhodamine-6G " 565 347, 530

the same power density (within 50%) is required
of both sources to achieve oscillation.

One of the interesting aspects of exciting the
same dyc with two different monochromatic sources
concerns the polarization of the LPL emission. The
depolarization of molecular fluorescence and irs
absorption wavelength dependence  has  heen
studied extensively.® Many dyes, notably the
rhodamines, exhibit a negative polarization when
excited by uv and a positive polarization when cx-
cited by visible radiation.

When rhodamine-6G in ethyl alcohol was excited
with ruby second harmonic at a power level approxi-
mately 4 times oscillation threshold, the LPL emis-
sion was predominantly polarized normal to the
pump clectric ficld. The measured polarization was
P = —0.9. When this same dye was excited by
530-mu radiation, sufficient depolarization occurs
to cause the LPL. emission 10 be polarized paralicl
to the exciting field (i.c., P =+1). This phetomenon,
which has not been previously reported in stimu
lated emission, may well provide a useful method
for the study of intramolecilar cross-relaxation
processes.

The author thanks Dr. R. H. Hoskins anc. B. H.
Soffer for helpful suggestions and discussions.

'P. P. Sorokin and J. R. Lankard, IBM J. of Res. and Dev. 10,
162 (1966).

M. L. Spacth and D. P. Borifeld. App! Phy. Letters 9, 1749
(1966).

'F. P. Schifer, W. Schiaidi, and |. Volze, Appl. Phys. Letters 9,
306 (1966).

‘P. P. Sorokin, W. H. Culver, E. C. Hammond. and J. R
Lankard, /IBM J. of Res. and Dev. 10, 401 (1966).

*Theodor Firster, Fluoreszenz Organischer Verbindungen (Van-
denhoeck and Reprecht, Goltingen, 1451).
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CONTINUOUSLY TUNABLE, NARROW-BAND ORGANIC DYE LASERS*

B. H. Soffer and B. B. McFarland
Korad Corporation

A Subsidiary of Union Carbide Corporation
Sania Monica, Califorma

(Received 3 Apnil 1967)

Efficient spectral narrowing, and tunability over a wide spectral range, has been demonsirated in solid and hquid
organic dye lasers using diffraction gratings as cavity reflectors.

‘The organic dye solution laser' has been observed
to emit a spectrally broad pulse up to some hun-
dreds of wave numbers wide, depending upon
dye concentration, cavity length, and conditions
of cavity gain. We report in this Letter efficient
spectral narrowing and cortinuous tunability in
dye lasers over bandwidths large compared to the
ordinary lasing action, by use of diffraction gratings
as cavity reflectors. We have demonstrated this
effect with members of the xanthene and carbo-
cyanine dye families. We further report the use of
solid solutions of dyes in plastic as a practical dye
laser material.

A typical experiment using alcoholic solutions
of rthodamine 6C : the laser material will be de-
scribed in detail ' thanol solutions with decadic
absorption coefficicnts 0.74 cm™ and 0.20 cm™ at
347 mu were cmployed in a cubical glass cell,
1.75 cm 1D, with four sides polished. Optical den-
sities are preferred to concentration values as the
associated molecules of rhodamine 6G in ethanol®
have smaller optical cross sections. This further-
more makes it impractical to precisely prepare
solutions of desired density by dilution from a
standard solution of known concentration. Pumping
was cffected transverse to the cavity axis using the
10-* <c, 10" W/cm? second-harmonic output of a

*This research is part of Project DEFENDER under the joinl
sponsorship of the Advanced Research Projects Agency, the
Office of Naval Research. and the Department of Defense.
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giant-pulse ruby laser. The 12-cm-long cavity con-
sisted of a flat dielectric mirror of 95% reflectivity
and a Aat reflective diffraction grating with 2160
lines/mm blazed at 5000-A first order with an ap-
proximately constant first-order reflectivity of
80 + 3% for the wavelengths of interest, i.c., longer
than 5520 A. The approximate constant reflec-
tivity is a consequence of there being no second
order for these wavelengths. The grating was uscd
in the Littrow arrangement and the output from
the laser was obtained via the zeroth-order reflec-
tion or the small transmission of the diclectric
reflector. Excepting the absolute power, all the
measured characteristics of this laser were inde-
pendent of this choice of outputs. Spectra were
photographed with a 3.4-m spectrograph and the
energetic and temporal behavior of the laser were
recorded with photodiodes calibrated calorimet-
rically. Beam angle was measured by a self-cali-
brating photographic technique.?

The output of the laser was repeatedly measured
using a set of diclectric mirrors of reflectivity ap-
proximating that of the grating. An output value
for the reflectivity equaling that of the grating was
found by interpolation. This value was normalized
to one arbitrary unit when the high conceritration
of dye was employed (see Fig. 1). The absolute
conversion efficiency was not optimized but was
about 15%, yiclding pulses in the 2 X 10° W range,
coupling via the zeroth-order reflection. Replacing
the grating, we obtained the set of data shown in
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the upper trace of Fig. | showing relative efficiency
vs wavelength of emission. The input pumping
intensity was held approximately constant and the
graung angle was varied to effect the tuning, Slight
variations in input were normalized in the efficiency
plot. Errors introduced here especially by the effects
of mulumoding upon the second-harmonic genera-
tion, contribute to the scatter of the data. Spectro-
grams taken simultaneously with this data, reveal
the linewidth of the emission to have narrowed
frem 60 A using the all-dielectric reflector cavity,
to 0.6 A when the grating was employed. The
spectral condensation is seen to take place with
~70% efficiency in the region of the center of
normal laser emission. The total available band-
width i1s scen to be much greater than the band-
width of the normal laser emission. In the lower
trace of Fig. 1 we show the anclogous results for a
lesser dye concentration. Again the spectral con-
densation is seen to be efficient in the region of
normal laser emission but here the normal laser
emission itself is not as efficient as the case of higher
concentration. Again the available bandwidth s
grcater than that of the normal laser of the same
concentration. The tunable half-power bandwidth

rOl p- — —a
=2 09
‘-
% os} .
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E oT}
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Fig. 1. Relative efficiency of tunable rhodamine 6G laser vs

wavelength. Upper trace: (] optical density. 1.3 (347 mu).
Grating in cavity. * Dielectric reflectors. Arrows indicate
spectral bandwidth for this case. Lower trace: © optical density
0.35 (347 mu). Grating in cavity. «» Dielectric refiectors.

is approximately the same for both concentrations
but shifted to longer wavelengths in the higher
concentration casce.

Beam angles in the plane of grating dispersion
measuring ~5 X 1072 rad were too large to account
for the observed spectral narrowing by dispersion
although we note that the temporal development
of the integrated beam angle is presently unknown
to us. The spectral content of the outpui was the
same over the entire far-field distribution. It should
be noted that a grating with 4 times lesser disper-
sion produced spectral outputs 8 times as broad.

Similar results were obtained with a solid sample
of rhodamine 6G in polymethylmethacrylate,
pumped with the second harmonic of a Nd laser.
No room temperature phosphorescence could be
detected in the rhodamine solid solution. A strong
phosphorescence, typical of some dyes in sold
solution, would of course be detrimental to laser
action. The use of the solid matrix obviates the
problems of convective schlieren, evaporation,
and cells. Furthermore. similar results were ob-
tained with 3, 3’ diethyl-thia-tricarbocyanine iodide
in ethanol in the near-infrared region pumping
with Q-spoiled ruby laser. Alignment of the gruting
was cffected using an image converter and auto-
collimator.

The broad spectral output of the various fami-
lies of dyes thus far successfully employsd as
organic dyc lascrs' leads one to consider them as
primarily inhomogencously broadened systems.
The high relative efficiency of narrow-linc emission
reported in this work, however, points out the need
for qualifying this view.

It is expected that many related dye familics will
behave in a similar fashion and that the entire
wavelength domain from 347 mu (ruby second
harmonic) to about 1 u could be practicably spanned
according to these techniques.

'P. P. Sorokin and J. R. Lankard, IBM J. of Res. and Dev. 10,
162 (1965). F. P. Schafer, W. Schmidt, and |. Volic, Appl. Phys
Letiers 9, 306 (1966). P. P. Sorckin, W. H. Culver, £. C. Ham-
mond, and . R. Lankard, IBM J. of Res. and Dev 10, 401 (1966).
M. L. Spaeth and D. P. Bortfeld, Appl. Phys. Letters 9, 179 (1966).
F. P. Schafer. W. Schmidt, and K. Marth, Phys. Letters 24A, 280
(1967). B. B. McFariand, Appl. Phys. Letters 10, 208 (1967).

YE. G. Baranova,Opt. Specery. 13, 452 (1962).

1. M. Winer, 4ppl. Opt. 5, 1437 (1966).
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CONTINUOUSLY T!'NABLE PICOSECOND PULSE ORGANIC DYE LASER¥
B. H. Soffer and J. W. Linn
Union Carbide Corporation
Electronics Division

Korad Department
Santa Monica, California 90406

ABSTRACT

Picosecond pulse outputs, tunable over a broad
spectral range, have been demonstrated in an organic
dye laser. Evidence 1is presented that no more than
a small fraction of the availeble bandwidth cooperates

in mode locking to produce individual short pulses.

*This research is part of Project Defender under the
joint sponsorship of the Advanced Research Projects
Agency, the Office of Naval Research and the Depart-

ment of Defense.
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CONTINUOUSLY TUNABLE PICOSECOND PULSE ORGANIC DYE LASER*
B. H, Soffer and J. W, Linn
Union Carbide Corporation
Electronics Division

Korad Department
Santa Monica, California 90406

Mode locking of organic dye lasers has been re-

ported recently by several grOupsl,2,3

using mode locked
lasers as pumping sources. Most recently self mode
locking of a flash lamp pumped dye laser has been de-
scribed.4 These studies reported the oscilloscopic
observation, with subnanosecond resolution, of trains

of pulses of considerable modulation, with periods of
the round trip cavity times. The appearance of these
possibly instrumentally broadened pulses with prcper
temporal periodicity is a necessary condition for the
existence of some degree of mode locking. We report

11 sec pulses generated

here the observation of 1 x 10~
by a laser pumped dye laser. Furthermore, without
degrading the pulsewidth, continuously tunable outputs

of 6 cm-1 bandwidth have been demonstrated.

A mode-locked neodymium glass laser was constructed

for use as a pumping source for the organic dye laser,

*#This research is part of Project Defender under the
goinc sponsorship of the Advanced Research Projects

gency, the Office of Naval Research and the Depart-
ment of Defense.
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All intracavity reflective elements were set at the
Brewster angle and mode locking was effected by the
use of a bleachable absorber near the 1007 reflector
in a cell positionedﬁ to minimize the inten ity of
satellite spikes on the main pulse train. The pulse
was structured in groups of 10 or 11 individual pulses

10 sec, an interval determined by

separated by 1 x 10~
the internal round trip time in the cavity cutput re-
flector. The surfaces of this glass reflector were
wedged at 2' and one surface was coated with a 30%
dielectric reflector creating a low Q resonator. These

groups of pulses thenselves, were separated by 3 x 1079

sec, 2L/C of the cavity with typically 10-15 sets of

. pulses between the half power points. Picosecond

pulses were detected by the two photon excitation of

6 A solution of Rhodamine 6G

fluorescence technique.
in ethyl alcohol was employed as the fluorescent
medium. The second harmonic of this laser generated
by an ADP crystal revealed the same pattern of pulses
with the same temporal duration of 4 + 1 x 10712 sec.
A solution of Esculin in ethyl alcohol was employed
in this case as the two photon fluorescent medium.
The spectral bandwidth of the second harmonic output

was 150 cm-l.
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These second harmonic pulses were used to trar's-
versely pump a Rhodamine 6G dye cavity. An ethanolic
solution of the dye with decadic absorption coefficient
equal to 10 at 530 mu was contained in a cell con-
structed with internal and external window surfaces dis-
posed at their respective Brewster angles. The internal
length of the cell was 1.15 cm. Laser action in un-
wanted directions was suppressed by degrading all
optical surfaces excepting the windows. Wedged dielectric
coated mirrors of ~ 997 reflectivity and of 60-90% output

reflectivity were employed.

When the dye laser cavity optical length LL was
made equal to (or to a small submultiple of) the pump
cavity optical length Lp and the Rhodamine laser dye
cell put at the end of the cavity, trains of fully modu-
lated pulses of periods equal to (or to small submultiples
of) the pump pulse were observed with instrumental

10

temporal halfwidth of 7 x 10"~ sec using a planar photo-

diode and travelling wave oscilloscope. With Lp = Ll
and the laser cell in intermediate harmonic positions
L/n, n = 3, 4; two pulses with one predominantly intense,

for each pumping pulse with one predominantly intense,

as may be expected if one considers that pulses travelling
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in opposite directions in the cavity, reach the dye

cell together only once per pump pulse. With the cell
centered and L, = mLp/n; m/n =2, 1, 2/3, 1/2; 2n/m
pulses are seern on the travelling wave oscilloscope

for each pumping pulse, spaced at 3, 3/2, 1, and 3/4
nanoseccnds respectively. These results are an extension
of findirgs reported earlier.z’3 When the pulse interval
approaches the pulse resolution time, the overlap of the
instrumentally broadened pulses reduces the apparent
modulation drastically., When two or more pulses per

pump pulse occur, the first two are of approximately
equal intensity and any remaining ones show rapidly
diminishing intensity but with large statistical varia-
tions in decay rates on successive pictures. The fluores-
cent lifetime of Rhodamine 6G has been recently re-
determined as 5.5 x 10"9 sec for an approximately equal
concentration solution.7 This time is greater than any
of the periods described above, a condition which
would diminish the effectiveness of this dye were it
used as a passively bleachable absorber to engender
mode locking with the cavity dimensions and configura-
tions described above. However, this is a driven

system with periodic gain modulation. The superradiant

lifetime over the pumping intensity range employed

Page 58
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was found to be greater than 1 x 10”7 and less than

3 x 10”7 sec by removing the cavity reflector and ob-
serving the ability of the emitted radiation to follow
stimulation of diminishing periodicity. The effective
cavity lifetime including the driven dye laser cell
was inferred from the multipulse decay rates to be

between 1 and 2 nsec.

The picosecond pulse structure of the dye laser
was observed using the alcoholic solution of Esculin,
Multiple exposures were often required and so for con-
venience the two photon fluorescence cells were sometimes
positioned in the cavity, a procedure empirically justi-
fied by the finding of no sigrificant change in the
observed pulse shapes. More dispersive, scattering,
and generally non-linearly behaving solevents than
ethanol might bc expected to cause complications. Several
of the cavity corfiguration mentioned above were tried
all yielding similar picosecond pulse patterns. The
additional expediency of increasing the fi#f of the camera
lens with inexpensive positive portrait lenses allowed
the use of less sensitive but higher gamma emulsions
(Polaroid type 52, vy ~ 3.5 or type 146-L, vy ~ 2.5) to

photograph the two photon excited fluorescence. This
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is an aid 1n densitometrically determining the contrast
ratio (see below), as the fractional error in contrast
ratio, for an error in optical density, is inversely

proportional to gamma.

The structure of the picosecond pulses closely
followed that observed for the pump except that the
pulse width was 1.1 + 0.1 x 10" sec. The contrast
ratio was determined to be 2 + 0.2, and the contrast
ratio of the pump pulse was found to be 1.8 + 0.2,
Several approaches have been taken to attempt to realize
more of the full mode locking potential of the ~ 150 cm !
dye laser bandwidth which might yield pulses as short

as ~ 2 x 10”13

sec in duration. However, no significant
changes in pulse widths were noted when the spatial
width of the pumping pulse was narrowed from 12 to 1 mm
by focusing with a cylindrical lens in order to bound
the 10”11 sec pulse length, when fine variations were
made in the position of the pulse in the dye cell and

the position of the cell itself, or when operating the
dye laser from 10 to as much as 20 times above threshold.

Higher output mirror reflectivities produced only

trivially shorter pulses within the estimated deviation.
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One condition chat might contribute to the pulse
width is a frequency sweeping of the laser output, a
circumstance reported for certain cyanine dye lasers.l’8
It should also be noted that because of the pulse
structure of each laser burst in these experiments,
each of the picosecond pulses displayed in the two
photon fluorescence technique is actually an average
over > 102 discreet pulses. Each pulse may be narrower
than the average but broadened by aperiodicity within
each 10'9 sec group of pulses or from one such 10'9 sec
pulse to the next. Furthermore, as has recently been
discussed9’10 two photon fluorescence pictures of pico-
second pulses with contrast ratios of less than three,
the maximum value which can be obtained as for example
in the case of fully mode locked operation, are fraught
with uncertainties about the actual nature of the pulses.
Contrast ratins of two which are observed here might
indicate a free running oscillationlO or random
(initial condition) mode locked laser.9 It should
further be noted that all experimental problems as for
examples, scattering, and imperfect overlap of the beams,
would tend to reduce the observed contrast ratio. Because
of this uncertainty we can quote only the bounds of the

average peak power between a maximum and a2 minimum had

there been no picosecond pulse content: for the pump
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6 6

8 x 107 < P watts < 108; for the dye laser 2 x 10
< P watts < 2 x 107 using an output mirror reflectivity
of 60%. A smaller number of picosecond pulses might

be expected to yield higher powers. The full beam
angle at half power density was measured as 2.0 mrad

by a self-calibrating technique11 which obviates the

problem of film reciprocity.

Efficiently confining the spectral output of the
dye laser to 6 cm-l, by replacing one of the cavity
mirrurs by a diffraction grating as described in an
earlier publicat:ion,12 we have demonstrated a continu-
ously tunable source of 1.1 + 0.1 x 101 sec pulses
over a half power tuning range of 600 cm-l. Narrowing
the spectral output much beyond this would, of course,
broaden the pulse widths. The pulse pattern again re-
sembled the pumping pulse structure and had a measured
contrast ratio of 2 + 0.2. The Rhodamine cell was
centered in the cavity with LL = Lp. Using a grating
of 2,160 lines/mm of approximately constant first order
reflectivity of 587 in the range of interest in the
Littrow position and a 100% refliector, the energy out-
put in the zeroth order at the peak of the tuning curve

was greater than 507% of that obtained with the 60%

dielectric reflector replacing the grating. The full
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beam angle at half power density was found to be 4.8

mrad.

It should be noted that pulse duration with narrow
spectral output is identical to that obtained with no
grating when the full 150 em~! bandwidth was generated.
This indicates that no more than 6 cm—1 of the available
bandwidth cooperated in mode locking to produce any one

short pulse.

The technique described in this paper, providing
tunable short pulses, is expected to work well with
many farilies of dyes, both in liquid and plast:ic12
hosts ccvering the entire range from the near ultra-
violet to the near infrared. The flash lamp pumped
self mcde locked dye laser4 would also be amenable to
this technique. Single tunable picosecond pulses or

pulses with other intervals should also be obtainable.
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REVERSIBLE AND IRREVERSIBLE DECAY OF POLYMETHINE DYE SOLUTIONS*
R. C. Pastor, H. Kimura, and B. H. Soffer
Korad Corporation

A Subsidiary of Union Carbide Corporation
Santa Monica, California

ABSTRACT

A reaction scheme is presented to characterize the stabil-
. ity of solutions of polymethine dyes with respect to other
chemical species, temperature, and radiation. The observed
equilibrium properties as well as the kinetic and steady-state

parameters favor a model based on a low-lying triplet state.

*This work was supported in part by Froject Defender under the
joint sponsorship of the Advanced Research Projects Agency,
the Office of Naval Research and the Department of Defense,
Contract Nonr-5150(00) (1 Oct 1965-30 June 1967).
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I. INTRODUCTION

Three polymethine dyes used in passive Q-spoiling of lasers
are: kryptocyanine,1 KQS,2 and EQS.3 All three solutions bleach
(decay) reversibly and irreversibly to varying degrees under re-
petitive Q-spoiling. These shortcomings prompted a study of the
effects of chemical species in the environment, temperature, and
radiation. In the homogeneous-phase decay of dilute solutions,
the reaction scheme which plays the central theme has three stages.
The dye in the iodide form and molecule in the ground singlet
state js represented by RI.

Stage 1. a. RI = (RI)* . (RI)* = R* + I°

Stage 2. a., I* +RI I, +R R* +RI - Ry, +1I°

o o o

Stage 3. a. I-+1I- -1, R+ + R = Ry

¢, I°* 4+ R = RI .

The nature of the intermediate, (RI)*, will be taken up in
Section III. Stages 2 and 3 are conventional in free radical re-
actions. The latter is a throttle to the former. These do not
involve large activation energies, i.e., stage 1 provides the
limiting rate. Stage l.a. depicts reversible bleaching.4 The
rest is irreversible, an approximation valid for extremely dilute

solutions.
II. MATERIALS AND APPARATUS

Kryptocyanine and EQS were obtained from Eastman Organic
Chemicals. KQS was synthesized in the laboratory.2 The solvents
were methanol, quinoline, and chlorobenzene; spectrophotometric-
grade reagents of J. T. Baker Chemical Co. The concentrations
were 107° M (molar).

Optical density was measured in a l-cm czell with a Beckman

DK-1A, provided with a temperature-regulated cell holder. Con-
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trol samples established the warm-up half-life for the cell as-
sembly. A xenon-arc lamp, in conjunction with a 500-mm focal
length grating monochromator, was used for irradiation in the
visible and the near visible. More intensive irradiation at 1.06u
was carried out with a Nd-YAG laser (12 watts cw); for the near
uv, a conventional high-pressure mercury-arc lamp was focussed
into the cell. 1In KQS or EQS solutions, the lu-absorption was
probed normal to the beam with a PbS-detector. Energy flux at the
site of irradiation was measured with an Eppley thermopile.

III  RESULTS AND DISCUSSION

A. Effects of Chemicals

Reversible bleaching by a change in pH is neither of
interest nor pertinent to the working model. The irreversible
bleaching considered is that caused by species in the environment

. at constant temperature in the dark. Stage 3.a. provides a basis
for forced irreversible bleaching. At room temperature (27°C),
. the reverse direction has a half-life 1012 sec and the equilib-

> As ex-

rium constant for dissociation is 10"22 moles per liter.
pected (stage 2), complete decomposition in the dark proceeds
rapidly, limited by diffusion, when equivolumes of 10"°M I, and
KQS in methanol are mixed.6 Thus, 108 RI per iodine atom is con-

sumed in << 1 sec.

A vacuum manifold was employed to prepare KQS-quinoline
in optical cells, to study the effect of oxygen. A known amount
of dye as KQS-methanol was introduced into the cell. The sol-
vent was removed by pumping. A known volume of quinoline, dried
and refluxed in a column containing Mg turnings, was distilled
into the cell. One cell was sealed under 0.42 mm and the other
under 1.00 mm pressure of oxygen. All operations were carried out
in the dark. Over a 300-hr interval, the decay of the fundamental
(14-band) at room temperature was first order, 0.417% he™l for the
0.42 mm case and 0,447 hr'1 for the other, i.e., T = 163 hr. The

decay was not limited by the passage of oxygen across the gas-
liquid interface. It is argued later (cf. III.B.) that (RI)* was
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the reactive species. A dark-rcaction with oxygen is shown by all
the solutions examined.

Stage 1 is dependent on the solvent. In the absence
of oxygen, room-temperature stability of KQS solutions in the
dark, in decreasing order, is methanol > chlorobenzene > quinoline
>> a-chloronaphthalene. The stability ranges from no decomposi-
tion in methanol after a two-year storage to a half-life of two
days in @-chloronaphthalene. 1In the presence of oxygen (air),
under the same conditions, the respective half-lives are shorter,
3.7 hr in methanol, 120 hr in chlorobenzene, and 3-6 hr in quino-

line.

The variable behavior in quinoline is caused by moisture
which shows a catalytir influence. The following room-temperature
response in the dark of KQS-quinoline (first-order decay) is
typical: dry oxygen bubbled through, T = 4 hr; followed by dry
nitrogen, after flushing out the previous gas, no decomposition
in 15 hrs; wet nitrogen, ™ = 30 hr, presumably due to a small
background ot oxygen; wet oxygen, T = 0,13 hr. In kryptocyanine-
water, the action of oxygen is striking. Material precipitates
out. The deoxygenated solution is stable for indefinite periods.

B. Effect of Temperature

From Section I, the working model is,

kf ki
Model I: RI -—& (RI)* —» ...

r

The ki-path, as well as the reaction paths of the free
radicals (stage 1), depend on the impurities (cf. III.A.), tem-
perature, and radiation. 1In the study of thermal bleaching,
spectrophotometric-grade materials were employed. Distillation
of solvent anrd preparation of solutions were performed in vacuum
(cf. II1I.A.). The optical cells were sealed. All operations
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were carria>d out i1 the dark, except tor U . probe at the funda-

mental.
Ccmpletely reso . ible bleaching ..on
l«i’-() (1,
and
Yyav © T_%_T '+ Ke‘.kr(1 * K):'- (2)

The concentration cof Lo .- aortmelized.

)r‘ \?
and
. z 1 1 . B
hg'k, o (3>
The reversible-irreversible case where
is given by i ) . & t
_ . i
.LQ- - -,6' ‘ | 5 = Kf
y = -JA———g 2 4+ | —— e ; (5)
R 4 Tl -
where
and
8 = keky . (7)
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The model explains thermal bleaching of KQS-quinoline
in the measured range 40°-180°C, and EQS-chlorobenzene from 35°
to 124°C, Unlike photo bleaching (cf. III.C.), only a general
reduction in the absorption spectrum resulted from heating.

The constants derived from curve analysis are plotted in Fig. 1.
The dependence summarized in Table I was calculated by the method
of least squares. The assumed inequality (4) is borue out. Due
to the low value of ki’ stage 1.b. throttled stage 2, which other-
wise, would have provided another decay path to RI.

The ratio of RI to solvent, 10'7, is readily exceeded
by that of impurities in reagent-grade materials. The rate
constants were derived from total bleaching. A pertinent test
of the model and reproducibility of the preparation is a pre-
diction of the reversible fraction. If the solution is held at
a temperature over a time interval At >> (kf-l, kr'l), the fraction
decomposed equals K kiAt. Table 2 compares the reversible fraction
of two solutions. Fig. 2 shows prediction vs. observation for
the recovery of EQS-chlorobenzene after a 20-hr exposure.

Within the accuracy of the experiment, the enthalpy
change for reversible bleaching and the energy barrier to irre-
versible bleaching is the same in the two solutions (cf. Table I).
From equation (3), no activation is involved in kr(EQS) which has
T. (EQS) = 0.3 min. A small barrier, 600 cal mole'l, exists in
KQS-quinoline where, Tr (KQS) = 3 uin at 27°.

An interpretation of the nature of (RI)* is relevant.
This intermediate does not appear to be a geometric isomer,
there being only a general reduction in absorption. The fre-
quency factor of kf and kr is very low. The energy barrier for
recovery 1is marginal. (RI)* is most likely a low triplet, an
"electronic isomer".’ Since kf'1 << 163 hr (cf. III.A.), a re-
action between triplets would explain the dark-reaction with oxy-
gen. And similarly with solvent stability where the sequence in
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II1.A. corresponds to decreasing solvent triplet-energy for the
rarefied state. Since only RI was measured, any mechanism first
order with respect to (RI)* would be in harmony with the results.
However, in view of the reproducibility of the preparations and
the low value of ki’ we believe that the path measured is intrin-
sic to the solute-solvent pair.

C. Effect of Radiation

Two main absorptions in the near visible characterize
the solutions (cf. Fig. 3 below). In a given dye the position
and absorption strength depend on the solvent.8 The fun<amental,
one of the two main absorptions, has € =~ 10° liter mole ! cml.
The two components of the fundamental are attributed to the cis
and trans arrangements, the latter accounting for the lower-
frequency absorption.9 No observable bleaching resulted from
low-intensity (10'2 watts) irradiation of KQS-quinoline at the

fundamental.

More intensive irradiation of KQS-quinoline by a Nd-YAG
laser (1.06u) with energy inputs 2 50 joules into a 3 cm3 solution,
gave no response beyond a percent which is accounted for by thermal
bleaching (cf. III.B.). Intersystem crossing from the first ex-
cited singlet, er’ is negligible compared to intermal conversion,
k21, a feature pertinent to Q-spoiling. (Subscript 1 for the
ground state, 2 for the first excited singlet and r for the first
triplet.) Steady state between levels 1 znd 2 is reached imme-
diately, and since

kor << ka1 > (8)
the steady-state distribution is

npkyy ~ MyKyp - (9)
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The duration of irradiation, TR’ is much less than krl-l (cor-
responds to kr in III.B.). The fraction bleached, f, is

nyk, . Tp = f n; . (10)
The total number of photons absorbed, N, is given by
N =nkyp gV (11)

where V is the volume of the solution. It follows from equations
(9), (10) and (11) that

f Hl \Y
Kpp = = ko1 - (12)

20 3

, f <0.1, V=3 cm
; therefore, kzr/k21 < 10'6, in agreement with

From the results given above, N 2 3 x 10
15 3

and n; = 1077 cm”
inequality (8). Disregarding the population of the triplet level,
the saturation behavior of the fundamental absorption in krypto-
cyanine-CH30H, EQS-chlorobenzenelind K??-quinoline yields an
interconversion rate of k21 = 10 sec ~. Hence, in KQS-quinoline

the intersystem-crossing mean lifetime is kzr'l > 10-5 sec.

4 1

The other absorption, € ~ 10 1liter mole cm-l, shows
three components in KQS solutions, 0.52u, 0.46u and 0.384. Bleach-
ing was effected in quinoline and chlorobenzenc at 0.38u with

8 x 10-4 watt incident and at 0.46u with 6 x 10-3 watt incident,
but not at 0.52u with 8 x 10-3

spect to the fundamental appeared to be zero order, relaxation to

watt incident. The decay with re-

the ground state being dominant. Data on room-temperature irradi-
ation of iir-free solutions are collected in Table 3. The number
of photons absorbed per molecule bleached is

IO(X)QF'e(lu)'L

n(r) =
6.0°10°Vv |A|

(13)
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where I, (}) is the photon flux centered at A, the irradiation
wavelength. To calculate the fraction absorbed, F, a Lorentzian
shape for the components ir the absorption envelope and a tri-
angular ener;y-distribution function from the monochromator were
assumed. The geometric factor was ( =~ 1, the volume of the
solution V = 3,0 cm3 and the cell thickness 4 = 1.0 cm. The
initial optical density, Do’ and the decline per unit time, A,
during irradiation refer to the probe (fundamental) where €(1lyu) =
1.2 x 10s liter mole™ ! em™1 in both solvents,

The absorption coefficient of the solvent, a(r), shows
that bleaching efficiency improves with solvent absorption. At
0.461, where the solvent is weakly absorbing, " seems independent
of the solvent. Tf true, linear extrapolation to @ = Q at 0.38u
would yield an intrinsic N, The existence of an intrinsic 7N is
contradicted by KQS-methanol. No bleaching was effected at an
irradiation dose (0.37u) one order of magnitude larger. Absorp-
tion and photo-bleaching are clearly characteristic of the dye-
solvent complex. In the calculation of F, a()) was not subtracted
from the absorption coefficient of the solution. The last two
columns in Table 3 are taken up below.

Under low-intensity irradiation, bleaching rate was
established at T, < 10° min. With T, = 2.6 x 10> min at 0.46u,
6 x 10'3 watt incident, the total bleaching of KQS-quinoline was
25%. The irreversible fraction was > 90%. This was not unex-
pected when kiTR ~ k for the fastest ki-path. The solvent sta-
bility sequence (cf. III.A.) suggests solvent triplet species
could participate in irreversible decay. (The triplet separation
in rarefied quinoline is at 0.46u.) Unfortunately, a more intense
source was not available,

To study reversible bleaching due to electronic isom-

erism, it is necessary that a significant change be effected with
TR << T The need for crossing accuracy of the probe and the
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irradiation beams was mitigated since the diffusion time be-
tween the two regions was shorter than Tr+ A high-pressure -
mercury lamp was used; 0.40 watt or a photon flux of 6.3 x 10
sec © was absorbed. Fig. 3 shows the room-temperature absorp-
tion of KQS-quinoline after a constant-intei.sity irradiation at
TR = 0, 1 and 4 min. An isobestic point is evident here. The
inserted figure, absorption of iodine in quinoline, can account
for irreversible growth at 0. 38u (stage 3.a.). For "R = 1 min

a total bleaching of 50% was achieved, yet reversibility was >
90%.10 From Fig. 3 A] = 0.40 minl. Since v = 3.0 cm3, the
bleaching rate was 1.0 x 1014 sec-l. Hence, M (0.38u) = 6.3 x
103 in agreement with the low-intensity case, 5.8 x 10 (cf.
Table 3). The latter value is low because irreversible bleaching
was larger. The present case, corrected for the time (15 sec)
taken to record the peak of the fundamental, yields n (0.38u) =
6.6 x 103. The total bleaching per joule absorbed at 0.384 1is
the same for the low and high intensity cases, (1.6 * 0.2) %j-l.
In spite of a scale-up factor of 103 in power absorbed, there is

no evidence of saturation.

The results cuggest additions to Model I pertinent to
reversible photo-bleachirg. 1In the scheme shown, RI and (RI)g
are the trans and cis isomers, concentration n, and ng, absorbing
at 1.02u and 0.90u in KQS-quinoline, respectively. With broad-
band uv, both species generate their respective (RI)*, concentra-
tion n., causing a general reduction at the fundamental, However,

_(RI)®

" “ N,

Model II 3
”/x/// kiekel x\\\
D2 ¥ T, T

s A
(RI)g kg—-—l RI - kr

-
[ ——

--=-- Model 1 (ky =0)-
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only the limiting paths to, and away from, RI are pertinent. The
imbalance in the two components of the fundamental reflects geo-
metric conversion. Pertinent to reversible bleaching, note that

kle >> kf (14)

and
-1 -1
TR < kr < kg 5 (15)

i.e., recovery from electronic is faster than geometric isomer-
ism (cf. below). At the excited level, (RI)e, concentration ng,
relaxation to the ground state is overwhelming and electronic
conversion is fa:-ter than geometric (cf. below).

kel >> kS' > kS" (16)

From the inequalities and because n, reaches steady
state (Hé) within Ot << Tp» the pertinent rates are

b N

(a) n; = - (koo + kgn) Hé

(b) n. =kg n,, r (17)
(¢) ng = ks" n, , ]
and
n k
e le
— r— << 1 . (18)
n el

The rates add up to zero in reversible bleaching. Equations
(17a) and (18) account for an apparent zero-order bleaching of
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the fundamental with a rate proportional to the photon flux. Re-
covery is a superposition of two processes: ks'EéTR exp (-krt)
and ks"aéTR exp (-kgt). The number of photons absorbed is
kleanR' It follows from equations (17a) and (18) that

k
= el
R S (19)
and
k
1
n; = --—ﬁg n; . (20)

Thus, the fractional bleaching rate and n yields kle' A separate
estimate for k1e is given by eB, the induced absorption rate.

The Einstein B-coefficient was derived experimentally from the
absorption curve (Lorentzian distribution). The energy distri-
bution (triangular) was centered at the peak. Tair agreement is
seen between the last two columns in Table 3. The constancy of
the b-coefficient may be inferred from kle’ there being a photon
flux density one order of magnitude higher at 0.46u than at 0.38u
(cf. footnote to Table 3).

Room temperature recovery from a more intensive photo
bleaching, 30% at TR = 6 sec but completely reversible, is shown
in Fig. 4. Two processes are seen which lead to the assignment
of Tr = 2,6 min for electronic, in good agreement with thermal

-

bleaching, and 7_ = 460 min for geometric isomerism. From the

amplitudes, kgio/kgn = 3.4, It follows from equation (19) that,

k.n = 3.4 x 10°3 k . Since internal conversion between higher
: > 11 -1 11

excited states is very fast, ke1 s k21 ~ 10 gac

In summary, for KQS-quinoline bleached at 0.38u, at room

temperature, the pertinent rate parameters are B = 8.2 x 1019 cm3
erg sec-z; kep ~ 1011 sec-l; kg ~ 1.2 x 10/ sec'l; kgn ~ 3.4 x
10° sec-l; kg < 10° sec-l; k. = 4.4 x 10°3 sec-l; and kg = 2.5 x

107 sec”l. From k_, and k, ., the higher excited state is two
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orders of magnitude more favorable to intersystem crossing than
the first excited singlet. Such is not usually the case because

of efficient internal conversion.12

IV, CONCLUSIONS AND COMMENTS

The equilibrium, kinetic and steady-state behaviors of poly-
methine dye solutions were described by a three-stage chain re-
action involving free radicals: initiation, propagation and
termination. The dark-reaction with iodine evidenced chain prop-
agation. With oxygen the reaction was much slower, the reactive
species (dye) being the triplet. The latter, as an intermediate

10

to thermal dissociation, is characterized by Ty & 10" min at

room temperature in the dark. Other ki-paths were examined under
the same conditions. Thus, Ti = 104 min in the presence of oxy-
zen alone. With oxygen and moisture, Ti = 8 min and the observed
rate was probably limited by transfer through the interface. Water
is believed to act as a catalyst under the conditions provided,
because formation of the intermediate is characterized by Te =

50 min. Also pertinent is the sequence of solvent stability which
is in the order of the separation of their first triplet with the

respective ground state.

At room temperature, intersystem (nonradiative) crossing
from the first triplet to the ground state is ta ™ 3 min by thermal
bleaching and Tr = 2.6 min by photobleaching. The specific rate
for the reverse process, kf, obtained from these values may be
taken as a gauge of the discrepancy, Akf, in the thermal method.
It can be shown that,

A T
tkel = 5T BT T b (21)

where X is the specific rate (Newton's law) for the heating of
the cell assembly. The pertinen’ data are: T = 300°K, K =0.074,
oH = 6800 cal mole™, % = 0.32 min"! and |tk¢| = 0.0027 min~L.
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The discrepancy corresponds merely to a one percent deviation
in temperature. Therefore, the two lifetimes are equal within

experimental error.

A low-lying triplet contributes to the temperature depen-
dence of the absorption coefficient, &, of the fundamental.13

The equation of state from the model is

AH 14

K+l ¢ T + const., (22)

K

where K is temperature-dependent but not AH. In the case of
pulsed excitation leading to a saturation of the fundamental, i.e.,
the passive Q-spoiling of 1asers,1’2 it is desirable that

s
E, > E_ = RT* , (23)

where ES and Et are the separations from the ground state of the
first excited singlet and the lowest triplet, respectively, and
T* is the steady-state temperature for a given pulse repetition
rate. Population of the triplet by either intersystem crossing
is apt to be inefficient. As longer chains are employed to push
the fundamental past 1lu, € falls rapidly. The absorption spectrum
becomes flat due to various isomerizations and the solution becomes

15

more reactive. The latter is a consequence of a low-lying

triplet. Because of these factors, the long-wavelength limit of
Q-spoiling dye solutions operated at room temperature is ~ 1lu,

The net reaction in Model I is characterized by

- K
kg *T+R K - (24)

A comparison of kI’ benzyl iodide (36°C)5 vs. the polymethine
chains gives 1:10:400, for benzyliodide-hexachlorobutadiene:
KQS-quinoline: EQS-chlorobenzene.
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Electronic and geometric conversions by photo excitation
were more favorable at the higher states. Hence, crossing rates
increased with excitation faster than internal conversion. The
considerable electronic isomerism effected leaves no doubt that
Intersystem crossing was favored at the higher state. In geo-
metric conversion, two cases of cis-trans isomerism are possible:
Occurrence at a high singlet or triplet. The latter implies a
low frequency factor. Since ks” = 1.4 x 106 sec-l, crossing
from the excited singlet is favored. Thus, the high singlet
(0.384) was the source of branching for the two cases of isomer-
ism, with electronic better than three times favored over geo-

metric. However, in recovery (geometric case), kg = 2.5 x 10-5

sec'l, which may mean either a low frequency factor coupled with

a low activation or a high frequency factor with a high activation.

Isomerization by photo excitation is influenced by the
solvent. It appears necessary that the solven: absorb in the
region matching the excitation of the higher states where signif-
icant branching occurs. Therefore, excited states of both sol-
vent and solute species, or dye-solvent complex, are involved.
This would provide a basis for the prevalence of irreversible
bleaching in the weak-intensity case where kiTR ~ 1 and for _Lhe
solvent-stability sequence. A modest coupling strength in the
complex is in line with the observation that the balance of cis-
trars isomers is dependent on the solvent and persists through
moderate changes in temperature. Assuming a ratio of statistical
weights close to unity for the geometric species (RI)  and RI,
the observed distribution suggests an enthalpy difference of
a2 102 cal mole-l, which also explains the insensitive variation
of the distribution with temperature.

Froa these results, it is seen that uv leakage from laser
excitation rather than the laser beam itself is more pertinent
to the steady-state performance of the Q-spoiling solution. More
than 105 laser pulses were generated at 10 sec'1 before the frac-

APPENDIX E



Page 82

16 Such a

tional loss in dye concentration amounted to 1l/e.
solution had a very low rate ki-path, prepared according to the
procedure described above. Breakdown occurred at the glass-

solution interface, a black smudge ~ 1 mm diameter, probably

caused by an inhomogeneous power density across the laser beam.
Since a copious deposit formed before a significant decline in
optical density, dye decomposition is secondary and the case is
most likely solvent degradation through a chain reaction. This

has been observed in both quinoline and chlorobenzene as solvents.
We are very grateful to M. A, Pearson for programming the

calculations and rendering computer service. We thank E. G.
Erickson for the loan of his Nd-YAG laser (KY-12),.
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Summary of Constants for Thermal Bleaching

(Energy unit: cal.)

e ——

KQS in Quinoline
40°-180°¢

EQS in Chlorobenzene
35°-124°

6830 exp (-6,800/RT)
55 exp (-7,400/RT)

1.55 x 1012 exp (-32,900/RT)

4620 exp (-6,900/RT)
210 exp (-6,800/RT)

2.08 x 10 exp (-32,100/RT)
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Reversible Fraction of Total Thermal Bleaching

—e

e e e e —

Recovery: KQS-Quinoline

Soak

temp., At Predicted
oC min YA
go(2) 200 100
130(®) 1000 83

Obs.
%

98

84

Recovery: EQS-Chlorobenzeng

Ot Predicted Obs.

min %o %
1000 96 94
300 0 --

(a) KQS-quinoline: K = 0.43 and ki = 4,6
EQS-chlorobenzene: K = 0.24 and ki =

(b) KQS-quinoline: K = 1.37 and ki = 1,3
EQS-chlorobenzene: K = 0.82 and ki =
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Table 3

Bleaching of KQS Solutions

Solvent (3) -10%-a, ki eB,
a()), cm” L A, sec”1 D, p(b) lO-So*(\) sec’l sec”l
I : 0.06 0.464 3.13 L.353 0.38 1.1 0.26 0.34
0.43 0.380 7.42 1.362 0.42 0.058 0.032 0.039
I1: 0.02 0.467 4,43 1.277 0.65 1.3 0.45 0.83
0.05 0.384 2.00 1.255 0.41 0.21 0.033 0.045

(a) I = quinoline, II = chlorobenzene and I = I_ exp (-%1)

(b) Incident photon flux density: I, (0.384) = 1.5 x
101% sec™! and I, (0.46u) = 1.4 x 1010 sec1.
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Fig. 1

Fig. 2

Fig. 3

Fig. 4
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FIGURE CAPTIONS

Equilibrium constant, K, and specific rates, k, vs.
T-l. KQS-quinoline (0, & [ ] ) and EQS-chlorobenzene (#).

Room-temperature recovery of EQS-chlorobenzene follow-
ing 1200 min exposures at various temperatures. The
curve is calculated from K and ki' Circles stand for

observations.

Room-temperature absorption of KQS-quinoline.

— R = 0 min

mae [ :
R 1 min

===y 4 min

Insert spectrum is the absorption of I,-quinoline.

Rooni-temperature recovery of the fundamental ibsorption
of KQS-quinoline photo bleached by irradiating at 0.38u,
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FOOTNOTES

B. H. Soffer, J. Appl. Phys. 35, 2551 (1964); P. Kafalas,
J. I. Masters, and E. M. Murray, op. cit., 2349 (1964).

B. H. Soffer and R. H. Hoskins, Nature 204, 276 (1964) .
Like kryptocyanine, KQS is also a carbocyanine. The
formula and preparation (literature) is given in the

reference cited.

"Eastman Q-switch Solution 9740," a circular released
by Distillation Product.: Industries (Oct. 1965).

Bleaching alludes to the fundamental absorption of species
RI.

M. Gazith and R. M. Noyes, J. Am. Chem. Soc. 77, 6091 (1955).

The effect is obtained also with kryptocyanine or EQS.
With aromatic solvents, the behavior is complicated,
presumably by iodine-solvent complexing.

A low-lying triplet, 7 kcal mole-1 in the present case,
is not unexpected for a conjugated chain of 13-C atoms.
The Chichibabin hydrocarbon, 18-C chain, has the triplet
at 3 kcal mole'1 (cf. C. A. Hutchison, A. Kowalsky,

R. C. Pastor, and G. W. Wheland, J. Chem. Phys. 20, 1485
(1952) and references cited).
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Intramolecular resonance stabilizes the pelar form, R+1".
The similar charge on the ends of the polymethine chain
(R) favor the trans arrangements which account for the
structure at the longer-wavelength region of the funda-
mental absorp:.ion. See L. G. S. Brooker, p. 573, in
"Recent Progress in the Chemistry of Natural and
Synthetic Colouring Matters and Related Fields,' edited
by T. S. Gore, B. S. Joshi, S. V. Sunthankar, and B. D.
Tilak (Academic Press, 1962).

An interpretation based on dissociation of higher aggre-
gates is not compatible with the results of thermal

bleaching.

In the low-intensity case (0.38«, cf. Table 3), the
photon absorption rate, 7.4 x 101A sec'l, is three orders
lower but the total bleaching is only cne order ilower.
The present case shows photo-dissociation (net reaction
of stage 1) can be avoided; otherwise, rapid irreversible

bleaching occurs (stage 2).

The Einstein A-coefficient (spontaneous emission) at 0,384,
for KQS-quinoline, is only 1.1 x 10° 9ec°], a negligible

contribution to k .
F. Wilkinson, Quart. Revs. XX (No. 3), 403 (1966).

From the data, reversible thermal bleaching at 27°C is
-0.26% deg-1 for KQ$S-quinoline and -0.117% deg-1 for EQS-
chlorobenzene. Theimal expansion of the solvent (quinoline)
adds -0.08% deg™'.
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From @ = ON, the absorption cross-section, 9, is inde-
pendent of T; thus, dln a/dT = dln N/dT, where N is the
density of absorbers.

See reference in footnote 8 and also, S. S. Malhotra
and M. C. Whiting, J. Chem. Soc. 3812 (1960).

A Nd-YAG laser was used, 26j input and peak power ~ 3 Mw
for the pulses. Volume of the solution was 3 cm3.
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Description of experiments bearing on the problems of the spectral
behavior of passive Q-switched lasers and of the physical behavior of
passive Q-spoiling materials are given. The results of experiments of
the temporal and frequency locking of two lasers, coupled in a bleach-
able dye are described. Further experiments pertinent to the problem
of spectral cross-relaxation are described. The stimulated emission
of several organic dyes in the visible spectrum and the demonstration
of efficient spectral narrowing and tunability over a wide spectral
range is described. The results of frequency doubling a dye laser are
presented. Mode locking of the dye laser with picosecond pulses, tunable
over a broad range, is reported. The results of experiments concerned
with the thermal and photochemical responses of two polymethine dyes used
for Q-spoiling the Nd laser are given.

Five articles published or to be published, all supported by this
contract, are reproduced as appendices.
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