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NO laser-induced fluorescence studies for the application of
single-shot two-line thermometry to HEG
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DLR Institute of Fluid Mechanics, Bunsenstr. 10, D-37073 Géttingen, Germany

Abstract: Experiments in a heated cell for the appli-
cation of single pulse two-line thermometry to HEG are
described. Simultaneous measurements of NO excita-
tion/fluorescence spectra, and infrared amplified spon-
taneous emission spectra are used for line identification
and analysis of deexcitation processes. Measurement
uncertainties arising from pulse-to-pulse laser fluctua-
tions are studied and suitable correction methods are
discussed. The influence of laser and fluorescence (re-)
absorption, saturation effects and energy transfer on flu-
orescence ratios is described. Results of LIF experiments
on HEG in the shock layer of a sphere are presented along
with measurements of the vibrational temperature in the
free stream.
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1. Introduction

Nitric oxide (NO) LIF studies at 193 nm using two ArF
excimer lasers are being carried out with the aim of de-
termining rotational and vibrational temperatures and
NO densities both in the free stream and also behind
shock waves in front of models in HEG. Due to the short
test time (~1 ms), two-line thermometry (TLT) using
two-laser single-shot LIF is applied. With this method
the population of two quantum states of the NO molecule
is probed by detection of the corresponding laser-excited
fluorescence. Using broadband detection, the fluores-
cence signal S in the limit of linear LIF is given by
(Hanson et al. (1990))

S =BEgN fpqrQ/4mnV, (1)

where NV is the NO number density, fp the Boltzmann
fraction, B the Einstein-coefficient for absorption, E the
laser energy, g the spectral overlap integral, ¢z the quan-
tum yield for fluorescence, 2/4m the solid angle, n the
optical sensitivity and V' the measurement volume. Tem-
peratures are to be determined from the ratio R of the
fluorescence intensities captured by two camera systems:
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Equation 2 shows that the sensitivity for the determi-
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the two lower rovibrational states. With this criterion in
mind, suitable excitation lines for the application of TLT
to HEG have been identified. The fluorescence signal
S is influenced by intensity and spectral pulse-to-pulse
fluctuations of the laser (¢ E). Therefore, an appropri-
ate signal correction of fluorescence ratios R is essential
for single-pulse measurements in impulse facilities such
as HEG. The effects of two correction schemes on the
precision of single-pulse temperature measurements are
discussed. In order to investigate sources of systematic
errors, fluorescence ratios R have been measured in a
cell as a function of temperature and number density.
The influence of fluorescence reabsorption and laser ab-
sorption, saturation and energy transfer on fluorescence
ratios is analyzed.

2. NO spectroscopy

To identify suitable excitation lines for the determina-
tion of vibrational and rotational temperatures in HEG,
excitation/fluorescence spectra of NO at 193 nm were
measured in a heated cell. The analysis of these spec-
tra resulted in a complete assignment of all the observed
transitions (Beck et al. (1996)). The simultaneous de-
tection of fluorescence and collimated infrared radiation
showed that stimulated emission between excited states
provides an additional deexcitation pathway.

2.1. Experimental arrangement

The experimental arrangement for spectroscopic mea-
surements is shown in Fig. 1. The output of a tunable
ArF excimer laser (51580 — 51850 cm ™!, maximum spec-
tral intensity 106 J/s cm™! cm?) is directed into a heated
cell (300 — 1300 K) containing NO gas at a number den-
sity of 10 — 1017 cm=2. 5% of the laser energy is de-
flected to an energy monitor. The NO fluorescence is
detected perpendicular to the laser beam spectrally re-
solved (180 — 280 nm) using two OMA with low and
high spectral resolution (see UV-fluorescence spectra in
Fig. 1). By excitation to the NO D?Y$*(v' = 0) state,
a population inversion between the excited D?LT and
A%¥7 levels can be established. Photons D2+ (v = 0)
— A?Y T (v' = 0) emitted spontaneously in the direction
of the excitation volume can be amplified by stimulated
emission (ASE), giving rise to an infra-red coherent sig-
nal beam collinear to the laser beam. This IR-ASE ra-
diation in the forward direction is observed spectrally
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Figure 1. Experimental arrangement for spectroscopic mea-
surements.

resolved with a modified OMA (1080 — 1120 nm). By
tuning the laser, the energy, UV-fluorescence and IR-
ASE can be measured as a function of the excitation
wavelength.

2.2. Results

Figure 2 shows an excerpt of the NO-excitation spec-
trum with (1) UV and (2) IR detection. Compar-
ison with simulated £(0,1) excitation spectra reveals
that ASE-radiation is only observed when the NO
D?¥F (v = 0) state is excited. When the density of
excited molecules is too low, no ASE-radiation is ob-
served, i.e. there is an excitation threshold for stim-
ulated emission. Consequently, the infrared excitation
spectrum has a higher resolution (see arrows in Fig. 2).
The observed IR spectra (see Fig. 1) are well described
by the allowed D2t (v = 0) — A2X* (v = 0) tran-
sitions at line positions determined by Amiot (1982).

IR-ASE fluorescence

simulation

-

51640 51660 51680 51700
wave number [cm ]

Figure 2. Excerpt of the NO excitation spectrum with (1)
UV-fluorescence (200-300 nm), (2) infrared ASE-radiation
and (3) simulated (0, 1) excitation spectrum.

Since stimulated emission between excited states intro-
duces an efficient process for depopulating the laser-
excited state (Westblom et al. (1990)), the influence on
LIF-intensities for temperature determination is investi-
gated in section 3. The excitation lines for use on HEG
are: €(0,1) Ro2(27.5) and £(0,1) R21(17.5)+P11(35.5)
(AERy = 912 ecm™!) for determination of rotational
temperatures, and 7(3,0) R11(45.5)4+7v(4,1) R11(27.5)
(AER,t = 2231 ecm™!, AEy;, = -1876 cm™1!) for vibra-
tional temperatures.

3. Two-line thermometry

Temperatures are determined by the observed fluores-
cence ratios (see Eq. 2), which are expected to be a
simple function of temperature, independent of the NO
number density. Fluorescence ratios are influenced by
pulse-to-pulse laser fluctuations and systematic effects
such as absorption and energy transfer. For this rea-
son, single-pulse measurements are analyzed in section
3.2. and averaged fluorescence ratios are investigated in
section 3.3.

3.1. Experimental arrangement

The set-up for the experiments testing TLT is shown in
Fig. 3. The experimental parameters are described in
section 2.1. In this set-up, the test cell is used to mea-
sure NO fluorescence as a function of temperature and
density. The reference cell is used for an intensity cor-
rection at constant gas conditions (600 K, 6-1016 cm™3).
Using a 50% beam splitter, NO molecules in both cells
are excited with identical laser energies. The NO fluo-
rescence is detected with two OMA; the laser energy is
measured with two energy monitors. At each gas con-
dition the lasers are tuned to the NO transitions (0, 1)
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Figure 3. Experimental arrangement for testing two-line
thermometry.

R22(27.5) and €(0,1)Ra1(17.5)+P11(35.5). Using these
transitions the single-pulse fluorescence and laser energy
was measured for 140 laser pulses.

3.2. Single pulse measurements

Figure 4 shows the relative deviation § from the aver-
age for the uncorrected measured fluorescence (1), the
laser energy corrected fluorescence (2) and the fluores-
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cence corrected by the signal in the reference cell (3).
Fluorescence or energy correction leads to a reduction
of the standard deviation by a factor of about 3 or
1.5, respectively, i.e. the fluorescence correction pro-
vides a significant improvement over the usual energy
correction. There is evidence to show that saturation ef-
fects and spectral pulse-to-pulse fluctuations of the laser
which are not considered by the energy measurement
lead to an improved correction using a second heated
cell (Wollenhaupt (1997)). In order to determine the in-
fluence of the correction procedure on the precision of
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Figure 4. (1) Pulse-to-pulse fluctuations of the fluorescence,
(2) corrections with laser energy and (3) corrections with
fluorescence in reference cell.
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Figure 5. Temperature histogram comparing uncorrected
and corrected fluorescence ratios.

single pulse temperature determination, the signals of
140 single pulse fluorescence measurements for both ex-
citation lines were combined to yield 140% temperature
values. Figure 5 shows the temperature histogram of
the single-pulse temperature measurement without cor-
rection (1), with an energy correction (2), and with a

reference cell correction (3). The standard deviation of
the temperature distribution is reduced by a factor of 3
for the reference cell correction, whereas the error is not
reduced by an energy correction.

3.3. Fluorescence ratios

Besides the error of the single-pulse measurement,
sources of systematic errors in the TLT-method were
investigated. For this purpose, the fluorescence after
the excitation of the above mentioned lines was mea-
sured as a function of temperature and NO number den-
sity. Fluorescence ratios R:=S(Ra22)/S(Rg1) were cal-
culated for the £(0,v"” = 3,4) fluorescence (R”) and
the v(0,0v"” = 3,4) cascade fluorescence (R”). RP4 de-
scribes the energy transfer ratio D?X+ — 423+ for both
lines. Even at constant temperature, the fluorescence ra-
tios exhibited considerable variations with the NO num-
ber density. The analysis of the NO fluorescence spectra
shows the influence of fluorescence reabsorption (trap-
ping) and radiative and non radiative energy transfer.
Moreover, the observed fluorescence ratios are influenced
by the saturation of NO transitions and laser absorption.

3.3.1. Reabsorption of fluorescence

Figure 6 shows the observed transmission of £(0,v” =
1,2) fluorescence as a function of NO pressure at 860,
1050 and 1250 K and a comparison to calculated values.
Since the reabsorption is dependent on the thermal pop-
ulation and the Einstein-B-coefficient, it may be different
for both lines and thus alter the fluorescence ratios. In
order to eliminate the influence of fluorescence reabsorp-
tion even at higher pressures, only the £(0,v” = 3,4)
fluorescence transitions are used for data evaluation.
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Figure 6. Transmission of £(0,v")-fluorescence as a function
of pressure.

3.3.2. Quenching and laser absorption

The intensity of the NO ¢(0,v” = 3,4) fluorescence as
a function of the NO number density is shown in Fig. 7

Paper 8360

21st International Symposium on Shock Waves, Great Keppel Island, Australia, July 20-25, 1997



Single shot two-line thermometry on HEG

for both excitation lines. Calculated number densities
of NO in the HEG free stream for conditions I - VI
are shown for comparison. For low number densities,
the fluorescence is well described by the number density
multiplied by the quantum yield ¢gp = A/(A + Q) (see
dashed line in Fig. 7). At higher number densities, laser
absorption is no longer negligible. If laser transmission
O(fp(T), N, B) is taken into account, a good agreement
between measurements and calculations can be obtained
(see solid line in Fig. 7). For quantitative interpretation
of fluorescence ratios, measured intensities are corrected
for absorption, since laser absorption is different for both
lines.
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Figure 7. NO fluorescence versus number density.

3.3.3. Saturation

At very high laser power densities, NO transitions hav-
ing strong Einstein-B-coefficients are saturated. As a
consequence, the fluorescence signal no longer increases
linearly with increasing laser spectral intensity, as is
shown in Fig. 8. At laser energies used in the exper-
iments, both transitions are partially saturated. Due
to the different Einstein-B-coefficients (£(0, 1) Rg2(27.5):
1000 cm/J, €(0,1) R21(17.5): 400 cm/J) the degree of
saturation is different for both lines. This results in a
laser power density dependence of the fluorescence ratios
(see Fig. 8). Therefore, the heated cell tests were carried
out at constant laser energy, thus avoiding a change in
saturation. If saturation effects play a significant role,
fluorescence ratios cannot easily be converted into popu-
lation ratios, i.e. fluorescence ratios have to be calibrated
for a temperature determination. For this reason, it may
be advantageous to de-focus the laser beam in order to
facilitate data evaluation. Additionally, the fluorescence
intensity may be increased by optical integration over
the enlarged fluorescence volume and avoiding satura-
tion, as was demonstrated with the sphere experiments
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Figure 8. Saturation of the excitation transitions £(0,1)
R22(27.5) and 6(0, 1) R21(17.5)+P11(35.5).

on HEG (see section 4.2.).

3.3.4. Energy transfer

LIF signals are dependent on the quantum yield for flu-
orescence. For temperature determination, fluorescence
ratios are used to eliminate the influence of deexcita-
tion processes. If the fluorescence quantum yields for
both excitations are not equal, fluorescence ratios are
altered significantly. For this reason the energy trans-
fer D2XF (v = 0) — A2EF (v = 0) was investigated for
both excitation lines. At sufficiently high NO number
densities, the energy transfer rates are equal for both
excited states (see Fig. 9, right). At lower number den-
sities, the excited states show a significant difference in
energy transfer (see Fig. 9, left), i.e. the depopulation
process for the Ry1(17.5) line is twice as efficient as for
the R22(27.5) line. As a consequence, the fluorescence
intensity of the R2;(17.5) line is reduced, leading to an
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Figure 9. Influence of energy transfer on fluorescence ratios.

increase of the fluorescence ratios. The analysis of the
temperature and density dependence of fluorescence ra-
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tios shows that their behavior at low densities can be
explained by energy transfer through ASE between the
excited states D?%F (v = 0) — A2XF (v/ = 0). Figure 10
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Figure 10. Three-level-system including energy-transfer by
stimulated emission in the excited states.

shows a three-level system for the description of the NO
€(0,v”) fluorescence and the ~(0,v"”) cascade fluores-
cence. If stimulated transitions between excited states
are considered, it is obvious that the onset of the energy
transfer through stimulated emission is dependent on the
excited number density of NO molecules. This means
that the population inversion between the excited states
is (1) different for both lines, (2) dependent on number
density, and (3) dependent on laser-energy density.

3.3.5. Temperature dependence

The temperature dependence of the €(0,v” = 3,4) fluo-
rescence ratios RP and the v(0,v” = 3,4) cascade flu-
orescence ratios R” is shown in Fig. 11. At lower tem-
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Figure 11. Boltzmann plot of the fluorescence ratios.

peratures, the ratios R4 and RP are completely differ-
ent. This is due to the different energy transfer for both
excitation lines. Whereas the Ros-excited level is still
below the threshold for stimulated emission leading to
low energy transfer rates, the Roj-excited level is suffi-
ciently populated for rapid energy transfer to the A2X
state. At higher temperatures, R” and R* are identical.
With increasing temperature, the fluorescence ratios be-
come less temperature sensitive, showing the influence

of the interfering P;1(35.5) transition. Comparison of
the calculated population ratio of the NO X2II(v" =
1,J" = 27.5, Fy) to the X2II(v" = 1,J" = 17.5, F}) +
X2 (v" = 1,J" = 35.5, Fy) states gives a good agree-
ment with measured fluorescence ratios R”.

3.4. Consequences for HEG

From these results it can be concluded that the lines
presently used at HEG are suitable for temperature de-
termination if the temperature is below 1000 K and nar-
rowband detection £(0,v” = 3,4) is used. Moreover, a
reduction of the laser energy density allows for measure-
ments in the weak excitation limit, facilitating the data
evaluation and reducing the influence of ASE on the flu-
orescence ratios.

4. Measurements on HEG
4.1. Vibrational temperatures

Calculations of HEG free stream conditions predict
vibrational temperatures 7,; much higher than ro-
tational temperatures Ty, (Hannemann (1995) and
Walpot (1997)). To investigate the vibrational tempera-
ture in HEG free stream a single laser excitation scheme
consisting of two rovibronic transitions in the v(3,0) and
~(4,1) bands coinciding within the laser bandwidth has
been developed and applied to HEG. By calibration in a
heated cell, the population ratio of both lower states can
be extracted from the observed fluorescence spectrum.
Since the quantum states X2II(v" = 1,J" = 27.5, F)
and X2I(v" = 0,J" = 45.5, Fy) have different vibra-
tional and rotational energies E,;;, and E,.:, the popu-
lation ratio is considered as a function of Ty, and Ty
(see Fig. 12). Fluorescence spectra corresponding to the
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Figure 12. Population ratio of the quantum states

X2T(v" =1,J" =27.5,F1) and X?TI(v"" = 0,J" = 45.5, )
as function of T, and T)o;.

nonequilibrium case Ty, > Ti.o¢ predicted by calcula-
tions and to the equilibrium case T,;; = T;.o¢ are also
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shown in Fig. 12. The population ratio as measured in
HEG is depicted as a grey area in Fig. 12. From this
result it is concluded that the NO molecules in the HEG
free stream are in a state not far removed from ther-
mal equilibrium. However, this interpretation is only
valid under the assumption of a Boltzmann distribution
among all the vibrational and rotational states.

4.2. LIF behind the bow shock of a sphere

In earlier studies at HEG, no NO-LIF signals could
be obtained behind strong shocks (Beck et al. (1996)).
Using a refined experimental set-up (see Fig. 13), the
LIF /luminosity ratio could be increased by: (1) use of a
3-d model (sphere), which provides a shorter optical inte-
gration path for the luminosity, (2) excitation of a strong
group of NO-transitions, (3) use of extremely short cam-
era gates (5-10 ns) to further suppress the intense lumi-
nosity, and (4) avoiding saturation at a constant laser
energy by de-focussing the laser beams, i.e. reducing
the energy density and thus increasing the LIF signal.
The result, as shown in Fig. 13, is the first observation
of LIF signals in the shock layer in HEG at temperatures
over 6000 K.

free stream x 5

260

240
wavelength [nm]

200 220

200 220 240 260

Figure 13. Experimental set-up (right) and OMA image of
the fluorescence in the free stream and the shock layer (left)
and corresponding spectra (right bottom).

5. Conclusions and further work

Further experiments in HEG are planned (starting with
free stream) in order to determine rotational temper-
atures with higher accuracy using refined strategies to
avoid saturation, minimize the influence of ASE, laser
absorption and fluorescence reabsorption. The efficiency
of the single-pulse fluctuation corrections will be in-
creased by the use of similar measurement conditions
in the reference cell and HEG free stream (laser energy
and gas temperature). Temperature measurements be-
hind shocks at temperatures T' >1000 K require excita-
tion lines with larger energy separation. For quantitative
modelling of the ASE process, measurements of LIF and
ASE-radiation as functions of laser intensity, NO number
density, and temperature are necessary.
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