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Wavelength spectrum, threshold intensity, photobleaching and long pulse emission in cooled dye
matrices (rhodamin B, rhodamin 6 G, cresylviolet) as a function of temperature (+25 °C to
—140 °C) was investigated. Absorption spectra were also obtained.

The emission characteristic of a laser-excited
organic dye laser at room temperature is described
in a number of experiments?, but only a few in-
vestigations are made on cooled dye lasers. First
experiments were made by Schappert et al. 2. They
investigated the frequency shift of 3,3 diethyl-
thiatricarbocyanine iodide in the range from
—117°C to +78°C. Aristov et al.? examined
rhodamin B in an alcoholic solution between
—120°C and + 30 °C by exciting with a flashlamp.
Huth et al.* reported the influence of temperature
(=10°C to +30°C) on the emission wavelength,
output energy and threshold energy of rhodamin B,
rhodamin 6G and 7-diethylamino-4-methylcoumarin.
Only rhodamin B was influenced by temperature.
Ferguson et al. ® studied anthracen up to — 125 °C.

We wish to report on measurements of rhod-
amin B, rhodamin 6G and cresylviolet in cooled
epoxy and polyester matrices. The temperature range

was +25 °Cto — 140 °C.

Experimental Arrangement

To prepare the matrices we used a two component
epoxy-resin for rhodamin B and rhodamin 6G and
polyester for cresylviolet. The resin was mixed with
methanolic dye solutions, and afterwards methanol
was desgassed in vacuum. The mould was of PMMA
prepared with a special isolating lac. The resulting
matrices were 0.8cmx1cmx5cm. The surfaces
were not polished after polymerisation (24h) and
it was possible to coat them with 15 layers of
thoriumfluoride and ZnS. The resulting reflection
was R>99%. The layers were not damaged by
cooling to — 140 °C if they were placed in vacuum,
but immediately destroyed when they were cooled at
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normal pressure. Inside the matrices we observed
optical inhomogeneities. They influenced the thresh-
old intensity.

To cool the matrices they were mounted on a
hollow copper block, filled with liquid nitrogen in-
side and then placed in an evacuated cylinder
(Figure 1). The temperature was measured with a
calibrated thermocouple at the excited surface. The
low thermal conductivity of the epoxy (polyester)
caused a temperature difference of 56° between the
excited surface and the cooled backside. So the
lowest temperature the surface could be cooled down
to was — 140 °C. It took 15 minutes to reach this
temperature.
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Fig. 1. Experimental arrangement.

To excite the matrices we used a frequency
doubled Nd-YAG laser (¢=20nsec, 4=>5300AE,
En.x=6m Joule) or a dye laser (¢=2.2 usec,
Epax=5m Joule). The exciting pulse was focused
on the matrix surface with a cylindrical lens. The
emission wavelength was measured with a mono-
chromator and an RCA 7265 multiplier, the output
with a calibrated thermopile or a PIN diode.

It was possible to reduce the output energy of the
pumping pulse continuously by a polarization filter.

GRolS)

Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung®) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher

Nutzungsformen zu ermdéglichen.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fir Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der

ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz veréffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fur Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution-NoDerivs
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



Ch. Heinsohn and J. Weber - Cooled Dye Laser

Singlet State Absorption Spectra

The molecular extinction coefficient is calculated
as

e=(1/N-l):InT~! [cm?] ,

N concentration (molecules/cm3), T transmission,
[ thickness of the matrix (cm).

At room temperature no difference in shape and
position of & between methanolic solution and
matrix was found. Only the absolute values of ¢ in
the matrix were always smaller than in the solution;
we suppose that there was a chemical reaction be-
tween the dyes and the epoxy (polyester).

Rhodamin 6G: With decreasing temperature the
maximum shifts to longer wavelength (41=90 A at
T = —140 °C), the maximum extinction coefficient
changes from &5;=2.8-10"%cm? to &_y40=
3.6:1071%cm? (Figure 2). Lewschin® observed a
similar shift (42 =23 A) by cooling alcoholic solu-
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Fig. 2. Molecular singlet state extinction coefficient of

rhodamin 6G from measurements with a 1-10~*molar ep-
oxy matrix at T=+25 °C and T=—140 °C.

tions from +22°C to —67 °C. The relative fluo-
rescence spectrum (1-1073mol) was measured at
+25°C and —140 °C (Figure 3). The area under
the curves and hence the quantum yield increased
by approximately 6%. The fluorescence maximum
shifts to shorter wavelengths (41 =604).

Rhodamin B (Figure 4): The extinction coeffi-
cient changes from &,;=2.1-10"1%cm? to &_y40=
2.5:10716 c¢m?2, a shift of the maximum was not
observed. Speas” measured a slight shift to longer
wavelengths in dilute alcoholic solutions.

At 2=5150 A a second weak maximum arises at
T = —140 °C, which is probably produced by the
dimer of rhodamin B molecules 8.

607

\ J Carb.units]
10r 5 s +95°C
o -140°C
0,5+
___“ 1 1 1 1 1 1 4 1
5200 5500 6000 6500  A[AE]

Fig. 3. Relative fluorescence spectrum of rhodamin 6G
from measurements with a 1-10~%molar epoxy matrix at
T=+25°C and T=—140 °C.
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Fig. 4. Molecular singlet state extinction coefficient of

rhodamin B from measurements with a 1-10—4 molar epoxy
matrix at 7= +25 °C and 7= —140 °C.

Cresylviolet (Figure 5): A-shift is not observed,
the maximum extinction coefficient changes from
€55 =3.1"10"1cm? to €_;49=3.5-10"17 cm?.
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Fig. 5. Molecular singlet state extinction coefficient of
cresylviolet from measurements with a 1-10—% molar poly-

ester matrix at T=+25 °C and T=—140 °C.
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Threshold intensity

At first we compared the threshold intensities of
a methanolic thodamin 6G solution (1-1073 mol)
and the corresponding matrix at room temperature.
The quartzglas cell and the matrix had identical
dimensions and were both directly coated with di-
electric layers (R>99%). To obtain beam unifor-
mity on the sample the beam was expanded to
2.0cm and then masked with a 0.1 cm slit; the
excited area was 1cm x 0.1 cm. Continuous reduc-
ing of the beam intensity was obtained with a polar-
ization filter.

The threshold intensity depends on the optical
inhomogeneities in the matrix and it was found that
for the matrix the intensity is 60% —70% greater
than for methanolic solutions. This result agrees
with the smaller fluorescence lifetime in epoxy
(Tepoxy = 3.5 NSEC3 Tethanol = 5.8 nsec ?).

The threshold intensity of laser dyes excited with
short pulses is given by 10:

1 (Ney—3In[R,Ry(1—V)2]1 1

T Negt AE ’
3 n +e

8ntc

N dye concentration, &; singlet state extinction coef-
ficient for the emission wavelength, &; singlet state
extinction coefficient for the exciting wavelength
(2=5300 A), 7 fluorescence lifetime, R, , R, mirror
reflectance, V' resonator losses, [ length of active
region, 1 emission wavelength, 7 refractive index,
E normalized fluorescence spectrum

JE(Wdi=D,
0

@ quantum yield.

We used this equation to calculate the relative
threshold intensity of rhodamin 6G 1-1073 molar in
epoxy as a function of temperature. ¢, &5, 4, 7 and
E change with temperature, and we supposed that
R;, Ry, 7 and V do not depend on temperature. &
and &4 are taken from Fig. 2, 1 is plotted in Fig. 8
and the fluorescence lifetime is published by Theill
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et al.% The relative change of E (1) is plotted in
Fig. 3, the absolute values are taken from Snavely 1.
The values used for the calculation are summarized
in Table 1 for T = +25°C and T = — 140 °C.

At T = — 140 °C the theoretical curve is fitted to
the experimental; in that case we found good
agreement of the calculation and the experiment.
The calculation demonstrates that the decrease of the
threshold intensity is essentially induced by the
fluorescence lifetime 7 and the extinction coefficient
&g .

Below T = —120°C the fluorescence lifetime is
not dependent on temperature ?, that means there is
no interaction between the host material and the
rhodamin molecules. Consequently a further reduc-
tion of the threshold intensity (below 7= — 120 °C)
is only possible because the Boltzmann distribution
in the singlet S; and S, state changes.

Experimental results for further concentrations of
rhodamin 6G and rhodamin B are shown in Fig-
ures 6 and 7.
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Fig. 6. Threshold intensity J versus temperature T for
different concentrations of rhodamin 6G.

Shift of the Emission Wavelength

The emission of the three investigated dyes show-
ed a shift to shorter wavelengths with decreasing
temperature. This shift is produced by reducing the
self absorption (&;) near the lasing wavelength and

Table 1. Used parameters, thodamin 6G 1-10—2 molar, for two different temperatures T=+25°C and 7= —140 °C.

N & & r  RR, vl p E ”
[em—3] [cm?] [em?] [nsec] [em] [AE] [em™1]

I'= 25 °C 6-1017 2101 2.2:10—1% 35 0.9:0.9 0.1 1 5820 0.75-10° 1.5

T=-140°C 6-10'7 2101 3.4-1071% 6.5 0.9-0.9 0.1 1 5680 0.75-10° 1.5
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Fig. 7. Threshold intensity J versus temperature T for

two different concentratinos of rhodamin B.
because of the increase of the fluorescence intensity.
The wavelength were measured at threshold.

Rhodamin 6G (Fig. 8): With increasing con-
centration the temperature shift increases; for
1-10 2 molar the shift is 170 A, for 1-107%mol
only 40 A. The essential shift takes always place
between 0 °C and — 100 °C.
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Fig. 8. Wavelength shift versus temperature for different
concentrations of rhodamin 6G.

For 1-1073molar we have found that the emis-
sion always starts at an extinction coefficient & =
0.02-1071% cm?; that means that shift is essentially
produced by self absorption. The bandwidth of this
matrix was 42 A at threshold and independent of
temperature.

Rhodamin B (Fig. 9): Laser action was not
possible with concentrations below 1-1073molar.
The maximum wavelength shift was only 120 A.

Cresylviolet (Fig. 10) : Only with the 1-1072 mo-
lar polyester matrix was it possible to obtain re-
producible laser emission. For lower concentrations
we used the energy transfer between rhodamin 6G
and cresylviolet 12,
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Fig. 9. Wavelength shift versus temperature for two dif-
ferent concentrations of rhodamin B.
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Fig. 10. Wavelength shift versus temperature for cresyl-

violet (1:10—2molar) and a mixture of 5-10~% mol cresyl-
violet and 5-10—* mol rhodamin 6G.

Output Energy

The decrease of the threshold implies an increase
of the laser output if the exciting intensity is con-
stant. For rhodamin B, rhodamin 6G and a mixture
of cresylviolet and rhodamin 6G the output energy
versus temperature is plotted in Figure 11. The out-
put at T = + 25 °C is normalized to 1.

Long Pulse Emission

Snavely et al.!? studied the pulse emission of
rhodamin B and rhodamin 6G in PMMA. They
excited the matrix with a flashlamp and got a pulse
duration of ¢=0.9 usec with rhodamin B and t=
0.4 usec with rhodamin 6G. Laser emission was
terminated by the population of the triplet state of
the dye molecule during optical pumping. To mini-
mize this triplet effect in liquid solvents some
chemical substances can be added, which increase
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Fig. 11. Output energy versus temperature for rhodamin 6G,
rhodamin B and a mixture of cresylviolet and rhodamin 6G.

depopulation of the triplet. In solid solvents there
are two possibilities to reduce this triplet effect. The
host material itself can be a triplet quencher; the
other way is the reduction of the intersystem cross-
ing rate by cooling. This possibility was proved
with a 1-1072 molar rhodamin B epoxy matrix. The
excitation source was a dye laser at 1=5760 A, an
output of 6 m Joule and a pulse duration of =
2.2 usec. The pulse was focused with a cylindrical
lens (f=5cm). The matrix emission started at
T=-80°C, and at T= —140 °C the pulse dura-
tion was = 1.8 usec at 1=6080 A. The pulse start-
ed and ended at the same excitation intensity; so we
supposed that there was no strong triplet effect. It
was also possible to produce superradiance at
T — —140 °C with uncoated matrices. The feedback
at the matrix surfaces was suppressed by tilting the
focus. At small tilt angles superradiance and reso-
nant emission occured simultaneously. The super-
radiant pulse was shorter (¢=1 usec), the wave-

length was 4 = 6060 A.

Photobleaching

The essential disadvantage of applications of dye
matrices as active media is the photobleaching of the
organic molecules. The influence of this bleaching
on laser output and threshold energy is described
in1%, For several dyes the quantum efficiency of
photobleaching is determined by measuring the
changing of the absorption spectrum !5 16. Fork et
al. 17 have indicated that for rhodamin 6G in PMMA
the quantum efficiency decreases with decreasing
temperature. The quantum efficiency is defined as
the ratio of the number of molecules bleached per
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absorbed photon, but does not respect the interac-
tion between the bleached and unbleached mole-
cules 1819 To demonstrate the influence of this
interaction on the laser emission we determined the
output energy of the matrix as a function of the
number of exciting pulses for two different temper-
atures (Figures 12 and 13). The matrices were
excited with the Nd-YAG laser. The excited volume
was V' =0.0016 cm?; for ¢=1-10"3 molar this cor-
responds to N =1.1-10' molecules. Having emitted
n times (see Table 2) the output decreased from

100% to 90%.
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Fig. 12. Normalized output energy versus the number of

exciting pulses; rhodamin 6G 1:10—2 molar in epoxy for
T=+25°C and T=-—140 °C.
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Fig. 13. Normalized output energy versus the number of ex-
citing pulses; rhodamin B 1-10—%molar in epoxy for
T=+425°C and T=—140 °C.

Table 2. Number n of pulses after which the output is de-
creased to 90%, for two different temperatures.

T=+25°C T=-—140°C
Rhodamin 6G n=~70 n=~1000
Rhodamin B n=n~70 n=~1000

If we assume the quantum efficiency of photo-
bleaching in PMMA to be the basis of the calculation,
N’ molecules are bleached after 70 pulses (N =
6-10" for Rh 6G, N'=19-10'! for Rh B). This
leads to the conclusion that for thodamin 6G 0.06%
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and for rhodamin B 0.2% bleached molecules are
enough to reduce the output to 90% !%. When we
cooled the matrice the output decreased to 90%
after 1000 pulses. The bleaching rate at T =
—140 °C was 0.4-107 and the number of bleached
molecules is again N’ =6-10!! for rhodamin 6G
(for rhodamin B the bleaching rate at 7= — 140 °C

is unknown).
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This small amount indicates that the decrease of
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change but the interaction, probably by fluorescence
quenching.
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