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A simple and inexpensive pulse fluorometer based on transversely excited atmospheric nitro-
gen (TEA N,) laser of 1 ns pulse width is desgribed, and the pulse fluorometric method is discussed.
The fluorescence decay times of a series of solutions were measured using this arrangement. Cor-
rection for secondary fluorescence is emphasized, if the quantum yield and the overlap of absorption
and fluorescence spectra of the compounds are considerable, or the concentration and the thcikness
of the solutions are large.

Introduction

Fluorescence decay investigations are important for both’ molecular lumines-
cence and laser theory [1, 2]. The published decay time values are very different
[3—7]. Earlier measurements were performed using phase and modulation fluoro-
meters [5—8]. The disadvantage of these methods is that the decay process cannot
be directly observed. Different pulse fluorometers have recently been applied for
decay studies using either a single photon counting system with flash pulser [9—11]
or a mode-locked laser system [12—17]. With these techniques the decay of the
fluorescent solutions are recorded on the screen of an oscilloscope and a teletype,
and so the decay process can be observed immediately. There are a few results with
pulse nitrogen lasers, too [18, 19]. For fluorescence excitation we applied a trans-
versely excited atmospheric nitrogen (TEA N,) laser, developed very recently in our
institute [20]. In this paper we report the experimental arrangement and our first
experiences; to evaluate the sensitivity and the accuracy of the system we measured
a series of fluorescence decays.

Experimental set up

1. Excitation source: The pulse of the excitation source (TEA N, laser 1,,=
=337 nm) had a typical output power of approximately 250 kW and a half-width
(6) of 1.0 ns. The photon density near the output was 3 - 10 cm 2 and the maximum
power flux density was about 5 MW/cm? without focusing, because of the laser
beam geometry, 3X1 mm2 The beam divergence was 6X2 mrad. The repetition
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rates were 10, 25 and 50 Hz. The observed laser pulse shape (/3*(r)) may be fitted
well by a gaussian function (Fig. 1):

I*(r) = exp[— (1/0.6)%]. )

It has to be taken into account with laser pulse excitation of very high power flux
density, that perceptible gain ensues in the observed dye solution already with
N,/Ny=0.01 (where N; — the population of the excited, N, — the ground states),
and this values can be achieved with a power flux density of 5 kW/cm? [2]. To eli-
minate the amplified spontaneous emission we enlarged the laser beam to 1 cm? and
reduced thereby its intensity to one tenth.
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Fig. 1. Oscillogram of the TEA N, nitrogen laser pulse — Ip°°(?) (a).

Time scale: 0.5 ns/div. Gaussian curve — Ig*!(7) =exp[—(t/0.6)?] (b).

Experimental arrangement for decay measurement (c): PD,, PD, —

photodiodes, F,, F;, — neutral recuding filters, F; — GG 18 filter,
L — lenses, C — dye cell, M — mirror.

2. Experimental arrangement: The laser beam passed the experimental arran-
gement for the measurement of the fluorescence decay as shown in Fig. 1. The
laser light was split into two beams by a quarz beamsplitter (BS). The reflected laser
light passed through neutral reducing filters (F;) and was monitored by an ITL
TF 50 M1 vacuum photodiode (PD,), which triggered an oscilloscope. The homoge-
neous middle part of the unreflected beam, cut by a slit (S) passed through reducing
filters (F,) and was deflected by an aluminized flat mirror (M) to the dye cell (C).
We applied “front”-surface geometry for excitation and observation of the solutions,
which were in a cilindrical cuvette. The thickness of the sample (d) was 0.200, 0.100
and 0.050 cm, and so the optical density of the solutions were less than 0.5 at the
excitation wavelength (Z,,) (x=k(4,,) -d) and less than 3.0 at the maximum of the
absorption spectra (ymaxzkm,,(i) -d) (Table I). The emitted light (the total spectrum)
was focused with two lenses (L) onto the ITL vacuum coaxial photodiode (HSD
1850 type, PD,). This photodiode was chosen because of its short rise time (0.1 ns).
A GG 18 filter was applied for filtering out the scattered laser light (F;). We connected
the photodiodes both to a real time oscilloscope (S7—10) and a sampling one (S7—38),
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with an overall time resolution of 0.4 and 0.2 ns, respectively. For recording we
photographed the screen of the oscilloscopes, 3000 shots with S7—10 (25 Hz, 2 min)
and 50—300 shots with S7—38. .

Materials

To test our system we choosed perylene, quinine bisulphate and 9-amino-
acridine, decay time of which are all well known; the measurements were relatively
simply, well reproducible, and easily evaluable [S—7]. In addition we also studied
the decay of a few dyes: rhodamine 6G (Rh 6G), fluorescein (F1), rose bengal, rhod-
amine B (Rh B), acridine orange, acridine yellow and 7-diethylamino-4-methyl-
coumarin (7-Dea-4-MC). The solvents were ethanol (EtOH), methanol (MeOH),
benzene, 1N H,S0,, and 0.1N NaOH in water. The concentrations were 10~4 M/1
or less in every case. We decreased the concentration of the solutions and the cuvette
thickness to the lowest value possible.

Evaluation method

To determine G(¢), the fluorescence response function of any molecular system
is the aim of decay time measurements [21]. The observed intensity-time function of
the laser pulse is Ig®(z), the instrumental response function to the exciting light
pulse. The observed decay (by the same detector) Ig>(¢), the response function of
the luminescing molecular system, is modified by both the detector and the optical
pumping, i.e. what we can record on the photographs is the convolute of the excitation
shape with the emission decay [21], 22]:

0 = [ @66 @

The evaluation method, i.e. the calculation of the decay time t from the decay data,
- was different according to relation of the exciting light profile — I3*(¢) to 1g*(z)
[16]). If we investigate decays with first-order kinetics (i.e. Iz**(¢) may be written by
a single-expomential function:

G'(0) = Iny-exp [~ (t/)], 3

where the 7 is the decay time and g, is the initial light intensity) we can classify the
experimental decay data, and thus the evaluation method, on the basis of the d/z
ratio and/or of the form of the In Ig*(¢) function:

1) The decay times can be determined by a least-square fit for long-lived emission,
when §/t<0.5.

a) If the points of In Ig%(¢) vs. t, represented in diagram give a straight line from
the maximum of Ig*(¢), the decay is called undistorted. In this case we can calculate
the t-value from the slope of the straight line. We get undistorted decay if 6/7<0.1.
We observed such a decay function with quinine bisulphate in IN H,SO, (Fig. 2a).

2
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Fig. 2. Observed decay “curves” — I2°*(7) (left side) and their
evaluation diagrams (right side). /, — observed laser pulse,
I — observed decay curve of compounds. a — 10-* M/1 qui-
nine bisulphate in 1N H,SO,, b — 10-* M/1 perylene in ben-
zene, ¢ — 107* M/1 rose bengal in ethanol; the curves are
convolutes of the calculated excitation shape (/5*'(#)) with the
single-exponential emission decay functions of r=0.7, 0.8, 0.9 ns
values

b) 1If the decay is more rapid than in the former case, the In Ip%(¢) vs. ¢ plot gives
straight line only at that part of the plot where effect of excitation can be neglected.
We calculated the t-value only from these data points. This decay is called partially
distorted, and is tipically present when 0.1<4/71<0.5. Fig. 2b shows the decay profile
of perylene in benzene.

In these two cases we determined 7 not only geometrically from the figures,

but by a least-squares fit of 72 (¢) vs. f to an exponential curve by means of a com-
puter program, too.
2) When In 7g*() is not a straight line at all, i.e. for short-lived emission (0.5<d/t<
<2), the previous procedures cannot be applied. This is the case of the rotally distorted
decay; we received such decay with rose bengal in ethanol (Fig. 2¢). To process the
decay data a convolute- and compare procedure was employed using the following
equation:

0 = [ ()G —1)dr @)
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We calculated the convolutions changing the value of = from 0.1 ns to 2.0 ns,
in 0.01 ns steps. We compared the normalized 78 (¢) plot with the series of calculated
I (¢) simulations and derived the t-value by visual superposition of the projected
oscillograph upon a computer plot. This is a simple iterative convolution method
[18, 23].

Results and discussion

We examined first the influence the power flux density (F) of the laser pulse
on the measured decay data with 1-107* M/1 Rh 6G. There was no change in decay
when F was less than 10 kW/cm?, but the decay time decreased with increasing F.

Several decay time results obtained under different experimental circumstances
are summarized in Table I indicating the name of the fluorescing compound and
its solvent, the concentration (c), the cuvette thickness (d), the optical density of the
solution at excitation wavelength (x=k(2,,)d), the absorption maximum (.=
=Kpmax(4) - d), and the absolute quantum yield (1). In column 7$" the experimental
values obtained with a phase fluorometer in our institute are given (these values
were corrected for secondary fluorescence [8, 25]. The 75 values are our experimental
results without correction and in the last column we have collected the decay data
from the literature. . .

For discussion we divide Table I into three parts, to the first part of which
those substances belong (1—4 in Table I) which are proposed as fluorescence stand-
ard [7], and they are thus suitable to evaluate the accuracy of the system. Quinine
bisulphate in 1N sulphuric acid is a stable solution under prolonged irradiation
and there is a very small overlap between the absorption and fluorescence spectra.
Perylene and 9-aminoacridine have a high quantum yield near 1.0, but there is a
partial overlap between their absorption and emission spectra. Rose bengal has a
very little (<0.1). Table I indicates that our experimental data are in good agre-
ement with the literature data.

Fluorescein and rhodamine 6G belong to the second group of Table I. They
are the most popular dyes for both molecular luminescence and dye laser studies.
There is a large overlap between their absorption and fluorescence spectra, the
fluorescence quantum yields are not far from 1.0. The obtained decay data were
smaller (the difference was more than 1.0 ns), when the thickness was decreased
from 2.00 mm to 0.50 mm (10-% M/1). There was a similarly significant decrease
in observed time (~1.5 ns with F1, and ~2.2 ns with Rh 6G) when the dye con-
centrations were lowered from 10~* M/1 to 5-10~% M/1. These data can be consi-
dered as indication of strong self-absorption and secondary fluorescence, an effect
which increases the duration of the observed decay [8, 13, 17, 24, 25]. It is very likely
that the large deviation in literature data obtained in different experimental cir-
cumstance without correction for secondary fluorescence can be attributed to this.
effect.

Budé et al. [24] have treated mathematically the effect of self-absorption and
secondary fluorescence on the fluorescence decay time, and derived formula for
phase fluorometers. A simpler form of the mentioned correction for secondary
fluorescence was given in [25], and we applied this method to correct the observed
data. The calculated decay times were ~4.2 ns (Rh 6G) and ~4.0 ns (F1). These
were higher than those reported in [8, 25]. Our experimental circumstances
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Table I
colﬁl;)euzgs Si)l(mt (mm) a Ymax n L ’ ";bs Literature
1 Quinine 10-4 200 | 040 [ 255 0.54 | 20.2 {20.5+0.5 20.1 (3]
bisul- 1NH,SO, 0.50 | 0.10 | 0.64 {71 19.4 [6] [7]
phate
2 Perylene 104 200 | 0.05| 1.88 | 0.89 351 50402 4.79 (5]
Benzene | 0.50 | 0.01 { 0.47 (71 5.02 [6] (7]
49 [3]
3 9-amino-| 10—¢ 2.00 0.99 | 14.2 |15.540.5 13.9 [5]
acridine] EtOH 0.50 [7] 14.2 15.1 [6] {7}
4 Rose 10— 2.00{ 0.08 | 1.00| 0.3 0.8 | 0.840.1 0.93 [15]
bengal | EtOH . | 0.50 | 0.02 | 0.25 [3]
10-4 200 027} 470 | 1.0 3.78 | 6.840.3 6.8 [13}]
0.50 | 0.07 | 1.17 | [14] 5.64+0.2 6.7 [16]
4.8 [14]
3 ﬁlﬁlde 2+10-5| 200 | 005 | 094 | 1.0 | 3.78 | 5.1+02| 4.1 [15]
0.50 | 0.01 1 0.24 | [14) 4.7+0.2 6.0 [13] 3.1
6G 5.8 [18][14]
MeOH .
5.10-%( 2,00 001 | 0241 1.0 3.78 | 4.64+0.2 3.1 [14]
0.50 0.06 | [14] 4.1 {15}
10—¢ 2001 0.24 | 388 | 0.93 5.84+0.2 4.5 [18]
0.50 | 0.06 | 097 [6] 3.1} 4740.2 6.8 [12]7.0
6.8 [12]
6 Fluo-
rescein 2.10-%| 2.00 | 0.05 | 0.78 | 0.93 4.840.2
001 N 0.50 | 0.01 ] 0.19 [6] 3.1
NaOH
H,0 5-.10-%) 200 001 | 019} 093 4.440.1 4.02 [5]
6] | 3.1 4.62 [5]
Rhod- 104 200 020 | 220 | 097 | 2.54 | 3.0+0.2 2.9 [15]
7 amine EtOH 0.50 | 0.05 | 0.55 [5] 3.2 [3] 3.2
B 2.3 [10] [18]
8 7-Dea-4-1 10-* 2.00 | 0.40 | 1.60 2.14 [3.6+0.15
MeC EtOH
9 Acridine | 10—* 2.00 | 0.02 ] 0.80 420 | 6.0+0.2 5.1 (3]
yellow EtOH
10 Acridine| 10-* 200 003} 064 3.0+0.2 4.7 [18]
orange EtOH
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for excitation and observation are a little different from that of the phase modula-
tion technique, and for this reason very likely a modified correction will needed for
us. The application of these corrections in our evaluation procedure requires further
studies. We hope to report these results in a forthcoming paper.

The third part of Table I contains decay times of further dye solutions.

"In conclusion, we believe that the simplicity of fluorescence decay time meas-
urements using TEA N, pulses recommends itself as a routine method.

*
* *
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M3MEPEHUE BPEMEHU 3ATYXAHWA ®JIVOPECUEHIIMHA, BO3BYXIEHHOMN
«uv TEA N,» JIASEPOM

K. Cwu, b. Pay, B. Hemem, JI. Ko3ma, H. llauma u M. Xusbepm

Omucad npocToi 1 Hexoporoit ¢iyopoMerp, IPUMEHAOMMA a30THBIN j1a3eD BO30YxOEHHBIN
NONePeYHBIM pa3psanaoM B V@ obaactd npu pasienam 760 topp (uv TEA N;), BpeMs AMITYJICOB
3TOro j1a3epa 1 Heek, H pa3baCHeHa Iy bCo-bIyOpOMEeTPHYECKas METOMHKA, DTHM amapaToM A3Me-
pEHO BpeMs 3aryXamms diyopecueHuME cepurt pacTBopoB. HeoOXOOMMO BBECTH KOPDEKTHPOBKY
Ha BTOPHYHYIO (JIyOpecHeRnio, KOTAA KBAHTOBbIHA BBIXO/ GONBINOMK H CIIEKTP MOIIOIISHAs 3HAYH-
TENBLHO MOKPHIT CHEKTPOM (iIy OPECUEHIMHA COSAMHEHNH, I KOT1a KOHLEHTPALHSA B TOIIIHHA PAaCcT-
BOPOB TOXe Oonpuide.



