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Abstract
The very sensitive cavity ring-down method has been applied to the measurement of the absorption of 4-H-1-benzopyrane-4-thione ŽBPT. in a supersonic jet in the wavelength region of the S 0 ™ T1 and S 0 ™ S 1 transition between 15800
and 16650 cmy1. The absorption energies of vibronic states corroborate previous assignments in the multi-photon excitation
and S 0 ™ T1 phosphorescence excitation spectra of jet-cooled BPT. The symmetry forbidden 0,0 transition, S 0,0 ™ S1,0 at
16522 cmy1, was found to be 7.5 times weaker than the absorption transition to the triplet origin, S 0,0 ™ T1z,0 . q 1998
Elsevier Science B.V. All rights reserved.

1. Introduction
In a recent publication w1x the S 0 ™ T1 phosphorescence excitation spectrum of jet-cooled 4-H-1benzopyrane-4-thione ŽBPT. was reported. In the
excitation region up to f 1700 cmy1 above the T1
origin at 15828 cmy1 no spectral features were
observed that could be attributed to S 0,0 ™ S 1,v transitions for the following photophysical reasons: The
quantum yield f S 1 of the S 1 ™ S 0 fluorescence is
extremely low for large thiones in general and for
BPT a prompt fluorescence has never been observed
upon excitation to S 1 w2x. Since non-radiative decay
channels dominate the relaxation from S 1 , the measurement of an S 0 ™ S 1 fluorescence excitation spectrum is not feasible in BPT. Furthermore, although
the phosphorescence quantum yield f T1 is high for
)
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BPT Žf 0.13 in a perfluoroalkane w3x., a T1 ™ S 0
emission cannot be observed after S 0 ™ S 1 excitation
because the triplet manifold is effectively not populated by intersystem crossing S 1 ß T1 in the isolated
molecule. The small energy gap D EŽS 1 ,T1 . of ; 600
cmy1 causes the singlet and triplet manifold to be
virtually decoupled at low excess energies above T1,0
w1,4x.
As demonstrated in Ref. w5x, however, the S 1
manifold of jet-cooled BPT can be investigated
through resonance-enhanced multi-photon excitation
hn

nPh n

S 0,0 ™ S 1,v ™ CS,T by detecting the fluorescence
from higher vibronic S 2 states S 2 ,v XX ™ S 0,v X andror
the emission from a photofragment. In Ref. w5x it was
not possible to compare the absolute absorption of
T1z ,0 with that of S 0,0 , owing to the multi-photon
nature of the excitation process. The objective of this
publication is to corroborate the data in Refs. w1,5x
by direct absorption measurements. Considering the
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low molecular density in a seeded supersonic jet and
the weakness of the S 0 ™ S 1 and S 0 ™ T1 absorption
transitions in jet-cooled BPT Žoscillator strengths

f ; 10y4 ., conventional absorption techniques appear to be insufficient. Therefore the extremely sensitive cavity ring-down ŽCRD. method w6x was applied. In CRD absorption spectroscopy a laser pulse
is stored in a stable high-finesse optical cavity,
formed by two highly reflecting mirrors, which contains the gaseous sample. Due to the losses of the
cavity the intensity of the light transmitted through
one of the mirrors decays exponentially with the
ring-down time tcrd . The losses of the cavity are only
dependent on the reflectivity RŽ n˜ . of the mirrors, the
length l of the cavity Ždiffraction losses. and the
wavelength dependent absorption of the sample
molecules. For small losses Ži.e. high mirror reflectivity, small absorption cross-sections. the decay rate
y1 Ž .
tcrd
n˜ is directly proportional to the total losses;
thus, the absorbance per pass of the sample, a , can
y1
be easily obtained by the known quantities tcrd
, R
and l Žsee Eq. ŽA.1. in the Appendix..
From the near UV to the near IR methods of
cavity ring-down spectroscopy have been shown to
be sufficiently sensitive to detect extremely weak
absorption transitions in a variety of molecular compounds in the gas phase or in molecular jets w7–13x.
However, CRD spectroscopy has not yet been applied to singlet–triplet transitions of large aromatic
compounds in seeded molecular jets.
2. Experiment
The experimental set-up for CRD measurements
of the S 0 ™ T1 absorption of jet-cooled BPT is shown
schematically in Fig. 1ŽA..
2.1. The caÕity ring-down system

Fig. 1. ŽA. Experimental apparatus schematically. The light pulse
from the excimer-pumped dye laser was spatially filtered in order
to reduce ASE; it was then coupled into the high-finesse ring-down
cavity, formed by two highly reflecting mirrors Ž R)99.99%. in a
high vacuum chamber. The optical axis was intercepting a pulsed
molecular jet. M: Mirrors, PMT: Photomultiplier Tube, L: Lenses,
P: Prisms, I: Iris, N: Neutral Density Filter, F: Filter Žoptional..
ŽB. Cavity ring-down decays and linear regression data at 604 and
631.8 nm for the empty cavity Žtrace Ža.: 21416 sy1 , trace Žb.:
28810 sy1 . as well as for jet-cooled BPT Žtrace Žc.: 36070 sy1 ..
The residuals Žrelative deviations. are shown in the lower part of
the figure.

Laser light from an excimer-pumped pulsed dye
laser ŽLumonics EX-700, XeCl; Lumonics HD-300;
rhodamine B. with a pulse duration of tp f 15 ns
and a spectral resolution of Q 0.3 cmy1 is coupled
into an optically stable resonator, formed by two
equal spherical mirrors. The dielectric coating on the
concave side of each mirror has a specified reflectivity of R R 99.99% between 580 and 630 nm, the flat
side is anti-reflection coated 1. The mirrors Ždiameter
1

The mirrors were purchased from Research Electro Optics,
Boulder, CO, USA.
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25.4 mm, radius of curvature 2 m. with a separation
of l f 770.5 mm are mounted on adjustable bellows
at the end of a vacuum chamber. The separation
corresponds to a round-trip time of tr ; 5.1 ns - tp .
The decay of the light intensity in the cavity was
monitored with a red-sensitive photomultiplier
ŽPhilips XP2254rB., whose output signal at a
medium photocathode voltage was measured directly
with a digital oscilloscope ŽLeCroy 9410., which
was interfaced to a computer. For scans over wide
wavelength ranges and particularly at the limits of
the laser-dye the high voltage of the PMT was
adjusted accordingly so that the amplitude of the
signal does not change considerably. For an empty
cavity the longest ring-down time of tcrd s 68 ms
was found at ; 610 nm, which corresponds to R s
0.99996. Decay curves were typically sampled over
100 shots. Three typical decay curves are shown in
Fig. 1ŽB.. The determination of the ring-down time
from the exponential decay with a nonlinear leastsquare method ŽMarquardt Algorithm., using an exponential fit function of the form a1 q a 2 expŽya3 t .,
proved to be rather noisy owing to the strong correlation between the fit parameters a1 Žoffset., a 2 Žamplitude. and a3 Ždecay rate constant.. The treatment
of the offset, due to the dark counts of the PMT and
‘electrical noise’, is crucial in the determination of
tcrd . The following linear regression procedure
yielded a considerably better signal-to-noise ratio
than the fit: After subtraction of a small offset,
determined from the weak background signal before
the laser is fired Ž t s 0., the datapoints were low-pass
filtered by subsequent integration over 25
datapoints 2 . A linear regression of the logarithm of
the filtered data yielded the ring-down time in a
reliable and quick way. For the regression only the
central part of the decay curve was taken into account, since the time dependence of the intensity in
the cavity was easily affected by Ži. a saturation
effect of the PMT cathode at medium to high laser
pulse energies and Žii. by the small amount of ampli-

2

Instead of subtracting the mean background signal, the offset
was alternatively taken into account by varying it in a second
order polynomial regression such that the quadratic term approaches zero. This method yielded equally good results.
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fied spontaneous emission ŽASE. which is present in
the laser light. Both effects are demonstrated in Fig.
1ŽB.. The short spike right after laser excitation is
mostly due to transverse modes of very high order,
which are efficiently damped in the resonator. This
can lead to a transient saturation of the photocathode
in a short time interval which manifests itself in a
deviation from the monoexponential time dependence in the very beginning of the decay. The effect
of ASE on the decay is perceivable in the comparison of the measurement at 604 nm Žcenter of the
wavelength range of rhodamine B. with measurements at 631.8 nm Žend of the wavelength range of
rhodamine B., where the amount of ASE in the laser
light is increased. At 631.8 nm the total decay
appears slightly ‘less’ monoexponential owing to
ASE containing frequencies for which the mirror
reflectivity is significantly lower. ŽIn the case shown,
ASE decays faster than the laser light.. Hence, in a
typical measurement approximately the first 15% of
the total decay curve was omitted in the regression
and datapoints with a value lower than 10% of the
first regression point were left out as well. Low-pass
filtering the data does not change the ring-down
time, it reduces the noise level of the curve, so that
the 10% limit is reached at later times. The time span
covered by the regression for each of the measurements in Fig. 1ŽB. can be seen by means of the
residuals in the lower part of the figure.
The shot-to-shot noise of the ring-down times was
lower than 6% over the entire wavelength range used
for the measurements, and overall diffraction losses
were negligible ŽFresnel number NF ) 300 w14x..

2.2. Preconditions for measuring singlet–triplet
transitions in CRD spectroscopy
In the recent literature on CRD spectroscopy the
response of a ring-down cavity to various types of
excitation pulses was investigated with respect to the
spectral resolution limit of the CRD technique
w11,15–18x. In this context the multi-mode structure
of ‘‘short’’ cavities w15x was discussed, particularly
for the case of species with a long natural lifetime
inside the cavity. Since a metastable triplet state with
a lifetime t T1z ,0ŽBPT. f 10.5 ms is the subject of this
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investigation, we briefly discuss the applicability of
the CRD experiment to singlet–triplet transitions
along the lines of the above literature.
Assuming the laser light to be mode matched to
the TEM 00 mode of the ring-down cavity, the free
spectral range of our cavity would be cr2 L s
190 MHz with an approximate width of the longitudinal modes of only cŽ1 y R 2 .rŽ2p LR . f 5 kHz Ž R
was taken to be 0.99996, see above.. Considering
these values, the rotational lines of the first excited
triplet state of BPT with a homogeneous halfwidth of
D n hom f 15 kHz would basically not overlap with
the mode structure inside the cavity and absorption
lines would be missed. This assumption, however, is
far from representing the real situation in our experiment, as shown by the following arguments: Ža. The
mode structure of the dye laser was poorly matched
to the ring-down cavity, even for a perfect alignment
of the laser resonator. Žb. The geometry of the
optically stable ring-down cavity was between the
confocal and planar type of resonator Ž g 1,2 s 0.61..
By detuning the resonator away from a confocal
mirror separation, exact transverse mode matching is
impossible as demonstrated by Meijer et al. w11x and
the superposition of longitudinal and transverse cavity modes essentially forms a continuum. Žc. The
ring-down cavity was not stabilized with regard to
alterations of the cavity length such as mechanical
vibrations or expansion of the vacuum chamber due
to small temperature variations. The tiny fluctuations
of the cavity length could directly be demonstrated
by rapidly changing transverse mode patterns that
were observable when a cw–Helium–Neon laser was
passed through the resonator. Effects caused by a
fluctuating length of the ring-down cavity are compensated by averaging over 100 laser shots or more.
Žd. Since the molecular jet was not skimmed, a
maximum Doppler broadening of up to f 1.5 GHz
Ž; 0.05 cmy1 . can be expected, which would overlap with roughly 8 mode-matched longitudinal modes
of the resonator.
Points Ža. to Žd. guarantee the observability of the
singlet–triplet transition of BPT at low resolution,
i.e. resolution of the rotational envelope of vibronic
states of the jet-cooled compound Žsee Section 3.. In
a stabilized and mode matched cavity rotational envelopes could in principle be resolved according to a
method suggested by Lehmann and Romanini w16x.

2.3. The jet apparatus
Synthesis and purification of 4-H-1-benzopyrane4-thione is described in Ref. w19x and references
therein. BPT was seeded into f 950 mbar helium at
a temperature of f 988C and expanded into vacuum
through a circular pulsed nozzle with a diameter of
D s 1.2 mm ŽIota One nozzle driver, General Valve
Corporation.. The position of the nozzle in the ringdown cavity was adjusted perpendicular to the optical axis of the resonator so that the signal from the
S 0 ™ T1 absorption of BPT was maximal. The supersonic jet was intercepted ; 4.8 mm downstream
from the nozzle. At a jet-pulse repetition rate of 6 Hz
and a jet-pulse duration of 800 ms the total backing
pressure in the vacuum chamber did not exceed
2 = 10y4 mbar, which was well within the capacity
of the diffusion pump. The vacuum system was
equipped with a liquid nitrogen trap, which was
essential in order to avoid any type of contamination
with oil vapours and other sorts of aerosols.

3. S 0 ™ T1 cavity ring-down absorption spectrum
of BPT in a supersonic jet
The cavity-ring down absorption spectrum of BPT
in a helium expansion was measured in the spectral
region between 15800 and 16650 cmy1 . For each
datapoint the cavity ring-down time was measured
twice, with and without the supersonic jet passing
through the resonator. The reference curve of the
empty cavity was interpolated by a 4th-order polynomial and then subtracted from the actual ring-down
spectrum of BPT. In this way the wavelength dependence of the mirror reflectivity was eliminated. The
resulting difference spectrum is shown in Fig. 2ŽA..
The remaining background in the spectrum derives
from losses due to scattering with the carrier gas
helium 3. The evaluation of absolute extinction coefficients was only possible within substantial error
limits and is therefore discussed in the Appendix.

3

Using argon as carrier gas increases the background by
f 25–30%.
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3.1. Comparison with the S0 ™ T1 phosphorescence
and multi-photon excitation spectrum
The S 0 ™ T1 cavity ring-down absorption ŽCRDA.
spectrum matches the S 0 ™ T1 phosphorescence excitation ŽPE. spectrum from Ref. w1x very well. The
0,0 transition and most S 0 ™ T1z,v transitions could
be reproduced as shown in Fig. 2ŽB. and Table 1.
The signal-to-noise ratio in the origin of the CRDA
spectrum is f 7:1. Consequently, the very weak
lines which were observed in the PE spectrum are
still in the noise of the CRDA spectrum; therefore,
they were not assigned. Since the PE spectrum is
rate-corrected and corrected for constant excitation
photon fluence, the relative intensities of vibronic
transitions, normalized to T1z ,0 , can be compared
with the relative absorbances in the CRDA spectrum
which are also normalised to the triplet origin Žsee
Table 1.. Throughout the wavelength region shown
the relative absorbances in the CRDA spectrum are
greater than the relative intensities in the PE spectrum. Therefore, the quantum yields of the phosphorescence from vibronic triplet states T1z ,v are lower
than for the origin T1z ,0 as may be expected and
demonstrated in Fig. 3.
Although S 0 ™ S 1 excitation occurs in the isolated molecule, the 0,0 transition to the first excited
singlet state S 1 is not present in the PE spectrum
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mainly due to the lack of S 1 ß T1 ISC which prohibits the observation of subsequent T1 ™ S 0 phosphorescence. However, in the CRDA spectrum the
S 0,0 ™ S1,0 was observed at 16522 cmy1 . This corroborates the result from Ref. w5x, where S 1,0 was
found at 16520 in the multi-photon excitation ŽMPE.
spectrum of BPT. The MPE spectrum, taken from
Ref. w5x, is shown in Fig. 2ŽC.. The fact that the S 1,0
appears to be much stronger in the MPE spectrum
than in the CRDA spectrum is by no means contradictory for the following reasons: Ži. In the MPE
spectrum the total emission was detected after 2-, 3-,
and 4-photon absorption of a smoothly focused excitation beam. Thus, the MPE spectrum was not corrected for the fluence of the excitation light and the
relative intensities of lines in Fig. 2ŽC. are therefore
wavelength dependent. A strong S 1,0 can derive from
a higher efficiency of the laser-dye in that particular
wavelength region. Žii. At low to medium excitation
energies most of the emission detected in the MPE
spectrum is due to S 2 ™ S 0 fluorescence Žsee Fig. 5
in Ref. w5x.. It is likely that populating S 2 by a
transient singlet absorption S 0,0 ™ S 1,0 ™ S 2 ,v is
more efficient than an excitation via the triplet manifold S 0,0 ™ T1z,0 ™ Tn ,v XX ß S 2 ,v X , owing to the inverted intersystem crossing process from the triplet
to the singlet manifold at high vibronic energies. A
considerable difference in the efficiency of these two

Table 1
Comparison of the lowest vibronic S 0,0 ™ T1z ,v and S 0,0 ™ S1,v transitions found in the cavity ring-down absorption, phosphorescence
excitation and multi-photon excitation spectrum. Wavenumbers are vacuum corrected and accurate within "2.5 cmy1 . After normalization
to the 0,0 transition the relative absorbances in the CRDA spectrum can be compared with the relative intensities of lines in the
phosphorescence excitation spectrum
Cavity ring-down Normalized absorbance Phosphorescence excitation Normalized intensity Multi-photon excitation Assignment
wcmy1 x
wcmy1 x
wcmy1 x
15828.2
16004.1
16196.7

100.0
15.4
11.2

16337.5
16363.2
16427.5

8.9
17.7
9.1

16484.0
16522.3
16538.2
16613.8
16637.1

14.2
13.3
8.4
9.6
9.9

15827.9
16004.2
16197.0
16243.3
16275.1
16337.8
16363.5
16428.0
16458.3
16484.3
–
16539.9
16614.7
–

100.0
12.4
3.6
1.2
1.0
2.0
14.3
0.5
0.7
5.5
–
1.1
1.3
–

15828.0
16004.9
16197.3
16243.1
16273.8
16337.6
16364.4
16429.5
16459.2
16484.2
16520.1
16615.7
16634.5

T1z ,0
T1z ,v 1
T1z ,v 2
T1z ,v 3
T1z ,v 4
T1z ,v 5
T1z ,v 6
T1z ,v 7
T1z ,v 8
T1z ,v 9
S1,0
T1z ,v 1 q T1z ,v 6
T1z ,v 10
S1,v 1
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Fig. 2. ŽA. Upper trace: Cavity-ring down absorption spectrum of
BPT in a helium expansion Ž f1000 mbar. from 15700–16700
cmy1 Žrhodamine B.. The region above 15900 cmy1 has been
expanded by a factor of 4 and shifted by y380 sy1 ŽB. Middle
trace: Normalized and fully corrected S 0 ™ T1 phosphorescence
excitation spectrum of BPT in a helium expansion Ž f1000 mbar.
from Ref. w1x. The region above 15900 cmy1 has been expanded
by a factor of 4. The spectrum does not show any S 0 ™S1
transitions. ŽC. Lower trace: Normalized multi-photon excitation
spectrum of BPT in a helium expansion Ž f1000 mbar.;
wavenumbers refer to single-photon energies. The emission was
detected in the spectral region from f 20000 to 25000 cmy1 ,
using a short time window w5x. This spectrum is neither rate-corrected nor corrected for the wavelength dependence of the fluence
of the laser excitation light. All excitation wavenumbers are
vacuum corrected.

the measured absorption spectrum between 450 and
660 nm. The origin band of the S 0 ™ S 1 spectrum in
solution was found to be approximately half as strong
as the triplet origin T1z ,0 , which is more than 3.5
times stronger than in the CRDA spectrum. In solution inhomogeneous broadening leads to the coupling of the S 1 with the T1 manifold increasing the
absorption of singlet states. Nevertheless, our result
shows that approximating the S 0 ™ T1 absorption
spectrum of BPT in solution by Forster’s
relation
¨
w20x is somewhat crude in the present case, although
E-type delayed luminescence virtually does not contribute to the phosphorescence spectrum at room
temperature.
The T1z ,0 origin is depicted in Fig. 4. Owing to
the low symmetry the rotational contour of the cooled
molecule shows a AB hybrid band structure for an
asymmetric top with an in-plane transition moment.
The rotational envelope shows a sharp origin, together with two local maxima at y1.1 cmy1 and 0.8
cmy1 from the origin, respectively. The total rotational bandwidth Žfwhm. observed for the rotational
envelope of the 0,0 transition of the triplet of BPT is
; 2.8 cmy1 under the experimental conditions given
in Section 2. This bandwidth compares to that in the
phosphorescence excitation spectrum Ž; 2.6 cmy1 .,
which was measured under slightly better cooling

excitation pathways would also explain the disproportionately strong S1 lines in Fig. 2ŽC. in comparison to the ones assigned in the CRDA spectrum ŽFig.
2ŽA...
The absorption of S 1,0 was found to be f 7.5
times weaker than the absorption of the triplet origin
T1z ,0 . The S 0 ™ S 1 absorption was approximated by
Nickel and Eisenberger w19x for BPT in perfluoro1,3-dimethylcyclohexane at room temperature by
subtracting the estimated S 0 ™ T1 spectrum 4 from
4

The S 0 ™T1 absorption spectrum was estimated with Forster’s
¨
w20x approximate relation between a corrected emission spectrum
and the respective absorption spectrum which is based on the
mirror image relation of the corresponding spectra.

Fig. 3. Phosphorescence quantum yield Fph of vibronic triplet
states T1z ,v i with respect to the origin quantum yield versus
wavenumber.
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Appendix A. On the estimation of absolute extinction coefficients

Fig. 4. Rotational envelope ŽAB hybrid. of the S 0,0 ™T1z ,0
transition of jet-cooled BPT, measured with the cavity ring-down
method.

This Appendix describes the procedure for the
determination of absolute extinction coefficients in
seeded beams and discusses principle difficulties encountered in our experiment.
The ring-down time tcrd is related to the total
absorbance a per pass by w8,11x:

a Ž n˜ . s
conditions Ž1000 mbar of helium, 13 mm downstream from the nozzle of diameter 0.8 mm..
3.2. Summary
It was demonstrated that electronic singlet–triplet
transitions of jet-cooled aromatic compounds can Žin
principle. be studied by means of CRD spectroscopy.
In the particular case of 4-H-1-benzopyrane-4-thione
the S 0 ™ T1 phosphorescence excitation spectrum
was reproduced and assignments of previous publications were confirmed. The measurement of absolute
absorption cross-sections proved to be difficult owing to the strong non-equilibrium situation in seeded
supersonic expansions. Further investigations on 4H-pyrane-4-thione in a static cell as well as in a
supersonic jet are on the way w21x.
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l
ctcrd

q ln R Ž n˜ .

Ž A.1 .

with l being the cavity length and R the mirror
reflectivity determined from the ring-down time of
the evacuated cavity Žassuming negligible diffraction
losses.. In a seeded beam the carrier gas contributes
to the total losses as well, and the absorbance is
given by a s a He r BPT s a He q a BPT Ž a He is based
on the light scattering by helium.. In the origin of the
triplet manifold at 15828 cmy1 a BPT was found to
be 2.6 " 0.3 = 10y5 per pass. The evaluation of an
absolute extinction coefficient, e , for the S 0 ™ T1
transition proved to be rather inaccurate because the
number density r BPT of BPT molecules in the jet for
our expansion parameters could not be determined
within acceptable error limits for several reasons: Ži.
The vapour pressure of BPT at 988C in a non-thermal equilibrium situation before expansion is not
known and difficult to estimate. Žii. The absorption
had to be measured in the transition range of the
jet-expansion at R 4 D, where the calculation of seed
molecule densities is vague. Žiii. The density of
molecules in a seeded jet pulse with a duration of
800 ms is not necessarily temporally constant. We
measured at maximal seed molecule density in the
jet pulse, which is assumed to be independent of
time over a period at least of the order of the
ring-down time.
Nonetheless, an attempt was made to determine
r BPT through measuring the distribution of BPT
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well as interpolated empirical values w22x. P0 was
assumed to be f 5 mbar, which is approximately 10
times smaller than the vapour pressure of BPT at
T0 s 370 K w21x 5. A small value for P0 is justified
due to the non-equilibrium situation Ž10 Hz repetition rate. before expansion – it is the most critical
assumption in this estimate.
The number of molecules per area in the laserjet-interaction region, NBPT , is in good approximation given by Žfor integration limits see Fig. 5.:
Fig. 5. Distribution of BPT molecules in a helium expansion at
z s 4.8 mm downstream from the nozzle. The ring-down time was
measured as a function of the nozzle displacement x wmmx
perpendicularly across the optical axis of the resonator at 15828
cmy1 . The density scale Ž r BP T . was estimated with Eq. ŽA.2..
The arrows mark integration limits used in Eq. ŽA.3. in the
Appendix.

molecules in the jet by gradually moving the nozzle
perpendicularly across the optical axis of the resonator Ž z s 4.8 mm downstream from the nozzle..
The excitation wavenumber was at the triplet origin
at 15828 cmy1 . In such an experiment the integrated
distribution of BPT molecules along a coordinate
parallel to the resonator axis is probed. We found a
virtually Gaussian distribution shown in Fig. 5. This
particular distribution justifies the assumption of the
statistical independence of the coordinates across Ž x .
and along Ž y . the optical axis, because the expansion
is expected to be cylindrically symmetric around the
center position of the circular nozzle. In this case the
beam profile represents the ‘‘real’’ spatial distribution of BPT in the jet Ži.e. halfwidth and shape. at a
particular distance from the nozzle. The maximum of
the Gaussian distribution in Fig. 5 was scaled to the
mean local density of BPT molecules in the center of
the jet, r BPT Ž z s 4.8 mm. s 9.46 = 10 11 mmy3 ,
which was estimated with the isentropic equation

r BPT Ž z . s P0 k B T0 1 q

ž

gy1
2

y1

1

/

2

M Ž z.

gy1

,

Ž A.2 .
describing the adiabatic expansion. In ŽA.2. the Mach
number M Ž4.8 mm. f 7.7 was approximated using
an adiabatic constant for the mixture according to the
mole fractions of the two components Žg s 1.648. as

q`

NBPT s

Hy` r

BPT

Ž x . d x f 3.94 = 10 12 mmy2 .
Ž A.3 .

Hence, the extinction coefficient can be estimated to
be e s a BPTrNBPT ; 39.7 l moly1 cmy1 at 15828
cmy1 . This value is only accurate within one order
of magnitude; it nonetheless suggests that the extinction coefficient in the isolated molecule is indeed
greater than for BPT in solution, where the value of
e s 10.4 moly1 cmy1 l was measured w3x. However,
regarding the dominance of the T1z ,0 absorption line
in jet-cooled BPT in comparison to the absorption
spectrum of BPT in solution, one would expect the
extinction coefficient of T1z ,0 to be greater than the
estimated value. The use of a slit nozzle will remove
uncertainties in the expansion parameters in Eq.
ŽA.2.. The remaining error due to the unknown
partial pressure of the seed molecules in the reservoir
under non-equilibrium conditions is therefore the
restricting factor in the determination of absolute
absorption parameters.
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