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Introduction           

Chapter 1 Introduction 

1.1 Goal of thesis 

 

The study of molecular absorption and emission of radiation is of great 

importance in basic and applied science. Much of our knowledge on the geometrical 

and electronic structure of various molecules and molecular clusters stems from 

optical absorption studies performed in either bulk samples or, in molecular beam 

expansions. For many applications involving large polyatomic molecules, however, 

absorption measurements are potentially superior to those based on emission since 

rapid quenching (through energy redistribution processes) of the excited state will 

occur resulting in a greatly reduced emission quantum yield. 

In the limit of weak absorption the transmitted optical intensity decreases 

exponentially with absorption path length, in accordance with Beer's law, where the 

exponential decay constant, k, is the absorption coefficient at the frequency of the 

incident beam. The ability to accurately measure the ratio of I to Io typically limits the 

measurement to minimum losses of 0.01% to 0.001% and, as a rule, such precision 

absorption measurements require sophisticated optical systems and sources (often 

laser based) which have a stable output intensity. The required intensity stability has 

been achieved using several types of continuous lasers (e.g. infrared lasers diode 

lasers and tunable continuous wave dye lasers) using experimental configurations 

which typically employ some form of frequency modulation to discriminate against 

low frequency noise. The same success has not yet been possible for experimental 

systems based upon pulsed laser sources for several reasons. First, the pulse to pulse 

amplitude variation is typically large, greater than 10%, requiring a larger detector 

dynamic range and reducing the effective signal resolution. In addition, the short 

pulse widths of such lasers, typically 10-30 nsec, make it very difficult to modulate 

the frequency for differential analysis. 

1 
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In our laboratory a very successful experiment was already developed, based 

on frequency production double modulation spectroscopy of static plasma generated 

in a discharge cell. However, here the temperature is high (Trot=150 K), which 

produces a temperature broadening. Three qualities: high resolution, low temperature 

and Doppler-free are required simultaneously to solve the problem with laboratory 

spectroscopy. The solution was to construct a cavity ring down experiment using a 

continuous laser and slit jet. 

A continuous wave cavity ring down spectrometer has been constructed with 

the aim to record the electronic spectrum of rotationally–cold carbon chain radicals at 

high spectral resolution in direct absorption. The radicals are generated in a discharge 

of a high pressure gas pulse of acetylene in helium in a multilayer slit nozzle. A 

passive cavity mode locking scheme has been developed to handle refractive index 

changes inside the cavity caused by gas pulse and plasma fluctuations. 

A continuous wave cavity ring down spectrometer has the advantage that it is 

easier to record weak signals due to a single mode laser in resonance with only one 

transversal mode at a time. When multimode pulsed laser linewidth is much larger 

than cavity free spectral range, pulse to pulse give a fluctuation of spectral energy 

distribution. In case of a cw laser, we have one cavity mode at the same optical 

frequency. High accuracy (0.007 cm-1) and a linewidth of typically 500 KHz, gives 

the possibility to resolve the rotational structure. Another big advantage of a cw 

spectrometer is the low intracavity optical power of a few W/cm2, giving a stable 

transverse distribution. (In contrast, pulsed lasers have a very high intracavity optical 

power: the fluxes are of the order of MW/cm2 and the energy is then distributed over 

several transverse and longitudinal modes.) 

2 
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1.2 Structure of thesis 

 

This thesis has the following structure: 

 

Chapter 2 provides a detailed description of the theory of cavity ring down 

spectroscopy. This chapter is structured in two parts: pulsed cavity ring down and 

continuous wave spectroscopy.  

 

Chapter 3 contains the description of the spectrometer; additionally, it contains 

the details of the main components of the experiment from a theoretical point of view 

and more detailed description of the data acquisition and software.  

 

Chapter 4 describes the high resolution spectroscopy with a cw-CRD 

spectrometer. Two studies of the origin band of the 
2
3

2

2
3

2 ~~ Π←Π XB  electronic 

transition of linear C8H and the rotationally-resolved vibrational band in the 

 transition of a short cumulene carbon chain C1
1

2
1 AX~AA~ ← 3H2 measured in the  

625 nm region using supersonic planar discharge are presented. 
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Chapter 2 Theory of cavity ring down spectroscopy 

2.1 Absorption spectroscopy 

 

Molecules (and atoms) absorb electromagnetic radiation of specific 

frequencies. The rate of absorption depends on the nature of the species, the 

frequency of the light and external condition such as temperature and pressure. The 

frequency dependence of absorption is unique; each species possesses a ‘spectrum’ of 

frequency dependent absorptions. Measurement of a spectrum can be used to 

determine the nature of an unknown species or conditions of known species, such as 

concentration and temperature. Absorption of light under conditions where saturation 

does not occur, described by Beer’s law:  

 

( ){ nlIlI νσ
νν

−⋅=











 exp0 }    (2.1) 

 

where  is the intensity of an incident light beam at frequency ν,  the intensity 

of that beam after a distance l through the absorbing medium, n the number density of 

the species, and σ(ν) the frequency-dependent absorption cross section from Eq. 2.1, 
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The lowest absorption detectable by conventional direct absorption techniques is 

limited by the minimum intensity change that can be measured and the absorption 

path length. A first order Taylor expansion of Beer’s law: 

 

( ) ( )lνανα −=1   ( )( )1<<lνα    (2.3) 
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reveals the limitations. Substituting Eq. 2.3 in Eq. 2.1 simplifies Eq. 2.2 to 
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It is evident from Eq. 2.4 that the detection limit is governed by intensity fluctuations. 

The sensitivity of conventional direct absorption techniques can be improved by 

increasing the absorption path length, l. Very long absorption path lengths are 

achieved in sunset spectra of the Earth’s atmosphere [1], with absorption sensitivities 

of ≈10-11 cm-1 [2]. In laboratory, multi-pass absorption cells can be used to increase 

the effective absorption path length. Commonly used are the White cell [3] and the 

Herriot configuration [4]. 

 Incoherent absorption spectroscopic technique uses broad-band light sources 

e.g. (lamp, sun). Absorption spectra can be obtained through the use of a dispersive 

element (grating, prism) that unravels the light in its frequency components before the 

light reaches the detector. This can be a diode array, a CCD camera, or a photographic 

plate [5]. The resolution and the sensitivity achieved are remarkable. The 1948 study 

of Babcock and Herzberg [1], using data from the sunset spectrum of the Earth’s 

atmosphere of the forbidden b  transition in O−+ Σ−Σ gg X 31
2, can still compete with 

recent spectroscopic studies of O2 isotopomers [6]. These techniques benefit greatly 

from the multiplex advantage of detecting a wide frequency range at all times. Fourier 

transform spectroscopy possesses the additional advantage of a high light intensity, 

there is no narrow entrance slit which severely restricts the radiation throughput in a 

prism or a grating spectrometer [5]. 

 A tunable laser source enables recording of an absorption spectrum by 

detecting the transmitted intensity of the laser beam while the frequency is scanned. 

The sensitivity is limited by the minimum detectable intensity change, but 

normalization of the transmitted intensity with respect to the incoming intensity can 

yield a signal-to-noise-ratio (S/N) in a spectrum of better that ≈10-6 cm-1. Further 

sensitive techniques (up to ≈ 10-10 cm-1) use absorption-induced effects, such as 

intracavity laser absorption spectroscopy and frequency modulated spectroscopy. 

Although these techniques cannot measure direct absorption the obtained signals are 

5 
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directly correlated to the absorption coefficient ( )να , unlike in techniques as 

photoacoustic spectroscopy, laser induced fluorescence, and resonance enhanced 

multiphoton ionisation. The latter three techniques need calibration against signals 

from known absorption for quantitative absorption measurements. 

 The above mentioned techniques are often more sensitive than direct 

absorption techniques, but cannot measure absorption directly. The cavity ring down 

(CRD) technique, however, can measure absorption directly and is a few orders of 

magnitude more sensitive than all other direct absorption techniques.  
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2.2 Principle of cavity ring down 

 
 Cavity ring-down spectroscopy is a direct absorption technique, which can be 

performed with pulsed or continuous light sources and has a significantly higher 

sensitivity than obtainable in conventional absorption spectroscopy. The CRD 

technique is based upon the measurement of the rate of absorption rather than the 

magnitude of absorption of a light pulse confined in a closed optical cavity with a 

high Q factor. The advantage over normal absorption spectroscopy results from, 

firstly, the intrinsic insensitivity to light source intensity fluctuations and, secondly, 

the extremely long effective path lengths (many kilometers) that can be realized in 

stable optical cavities. In the last decade, it has been shown that the CRD technique is 

especially powerful in gas-phase spectroscopy for measurements of either strong 

absorptions of species present in trace amounts or weak absorptions of abundant 

species. 

A typical CRD cavity is a stable, linear resonator with identical mirrors. To 

form a stable resonator with identical mirrors the geometry of the cavity has to obey 

the criterion 

 

0<g2<1      (2.5) 

 

where g=1-d/rc, d is the cavity length, and rc the curvature radius. For a given radius 

of curvature of the mirrors the cavity length of a stable resonator is restricted to values 

between 0 and 2rc. Due to boundary conditions only light with frequencies that match 

resonator modes can be coupled into an optical resonator and will propagate 

unchanged inside the resonator. The trapped light in the resonator can be described as 

a superposition of longitudinal and transversal modes. 

 The mode spectrum of a stable confocal resonator (d=rc) is given by: 

 

( 





 +++= 1

2
1

2
nmq

d
c )ν     (2.6) 
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where q is the longitudinal mode index, and m and n are the transverse-mode indices. 

A mode is represented by TEMqmn, where the longitudinal mode index q is often 

omitted for simplicity. 

 The frequency difference between two successive transverse modes n and 

n+1, the Free Spectral Range (FSR), is: 

 

d
c

trans 4
=δν      (2.7) 

 

while the distance between two longitudinal modes q and q+1 is: 

 

d
c

long 2
=δν      (2.8) 

 

The mode structure of the resonator can have considerable effects on CRD 

measurements. When the bandwidth of the probing laser is much narrower than the 

FSR of a confocal cavity a continuous scan is not possible, and absorption can be 

missed if the FSR is larger than the width of absorption. The absorption could remain 

unnoticed in a 10 cm long confocal cavity with an FSR of 0.05 cm-1 because the 

absorption line may fall exactly between two successive cavity modes. 

 The frequency spectrum of the resonator can be made quasi-continuous by 

changing the geometry from confocal to a stable, nonconfocal geometry. When the 

distance d, between the mirrors is not equal to rc and the resonator geometry satisfies 

the stability criteria (Eq. 2.5), the degeneracy of the modes is lifted and frequency 

spectrum becomes: 

 

( )










































+

−
++++=

crd
crd

nmq
d
c arctan411

2
1

2 π
ν   (2.9) 

 

 Multiple mode excitation, however, can result in mode beating effects and 

nonexponential decay of the light intensity. Beating between different frequency 

components (modes) can result in a periodic signal superimposed on the decay 

transient, if for example the output of the cavity is not completely collected with equal 

8 
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efficiency. This beat signal can influence the determination of the decay rate.  

Non-exponential decay can occur when the loss in the cavity is not equal for each 

mode, even if no abortions is present. The empty cavity loss β0 is then not mode 

independent because different transverse modes TEMmn experience different Fresnel 

losses. As a result the decay of the light intensity in the cavity is a superposition of 

decays with slightly different decay rates: 

 

( ) ∑
−

=
mn

tmn
eItI 0β     (2.10) 
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2.3 Pulsed cavity ring down 

 

 A short laser pulse of light with intensity Iin is ‘coupled’ into a stable cavity of 

length d, consisting of two highly reflecting curved mirrors with a reflectivity R, loss 

L, and transmittance T (R+L+T=1). At each mirror, a small part T of the trapped light 

leaks out while the remaining part is reflected, as schematically shown in Fig 2.1.  

 

 

 
 

Figure 2.1 Basic principle of the CRD spectroscopy (upper figure), and a more 
realistic diagram (lower figure) 

 

The first pulse of light leaking out of the cavity will have the intensity I0=T2Iin. The 

nth pulse with intensity 

 

( ) ({ RnI
n

RInI ln12exp0
12

0 −=
−

=







)}    (2.11) 
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will leak out (2d(n-1)/c) seconds after the first pulse, where c is the speed of light; the 

exponent is negative because R<1. When the cavity is shorter than the light pulse and 

due to limited response time of the detection circuit, the pulses leaking out of cavity 

will overlap and smear out to a continuously decaying signal as a function of time t, 

 









= 






















tRln
d
c-exp0II(t)     (2.12) 

 

The decay rate of an empty cavity β0, or the decay time τ0=1/ β0, is the background 

signal of a spectrum recorded with the CRD technique. This decay rate β0 is 

determined by the reflectivity R of the mirrors and the cavity length d: 

 

( )
d

Rc ln
0 =β       (2.13) 

 

Additional losses in the cavity will result in a faster decay. These losses can be due to 

species in the cavity (absorption, Rayleigh scattering). To distinguish between the 

frequency dependent, absorption coefficient α(ν) and species induced extinction in 

general, the extinction coefficient is represented by k(ν). If the extra losses are only due 

to absorption, k(ν)= α(ν). 

 When the additional losses satisfy Beer’s law, the decay remains exponential: 
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where k(ν) is the extinction coefficient of a species inside the cavity, ν the frequency, 

and l the single pass absorption path length. The decay rate β in case of additional  
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Figure 2.2 Decay of the light leaking out of the cavity (upper figure) and result in 

extra losses k(ν) to a species in the cavity (lower figure) 
 

extinction is larger than β0, as schematically shown in Fig. 2.2, and is given by 

 

( ) ( ) ( )( lkR
d
c ννβ += ln )   (2.15) 

 

From Eq. 2.7 and 2.9 the extra loss in the cavity follows: 

 

( )lk
d
c νββ =− 0     (2.16) 

 

hence 
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( ) ( )
cl

dk 0ββν −
=     (2.17) 

 

When the cavity is completely filled with the medium of interest d and l cancel and 

Eq. 2.17 becomes 

 

( ) ( )
c

k 0ββν −
=     (2.18) 

 

The coefficient k(ν) measured as a function of frequency constitutes, in case of 

absorption, an absorption spectrum in which β0/c is the background level. 

 The CRD technique has two marked advantages. At first, information on 

absorption is embedded in the decay rate of the light intensity leaking out of the 

cavity, and is thus independent of intensity fluctuations. Secondly, the use of low loss 

optical resonators enhances the absorption path length; up to 100 km in a 1 m long 

cell can be achieved. 

 Some remarks must be added to the explanation of the principle of the CRD 

technique. Since the two mirrors are not equal, R used in the explanation is a 

geometric average 21RR  of the reflectivity R1 and R2 of the two mirrors. 

Furthermore, not only the transmission T and the reflectivity R of the mirrors are 

involved. Additional independent losses L have to be taken into account, i.e., 

diffraction, scattering, and absorption of light by the substrate of the mirrors. In an 

experiment the background signal is the equivalent of an ‘effective reflectivity’:  

Reff = 1-(T+L). In the following Reff is assumed, unless stated otherwise. The 

reflectivity R may be frequency dependent, which can result in a slope in the 

background of a frequency scan, but often the effect is negligibly small and the 

background is constant. 

 Whereas these effects are easily accounted for, effects due to the finite line 

width of the exciting laser pulses are not. Both the laser and the absorption cross 

sections possess a spectral distribution. If (dk(ν)/dν)≠0 within the laser bandwidth Eq. 

2.14 should be replaced by 

 

( ) ( ) ( ){ }∫ −=
ν

ννβν dtItI exp     (2.19) 
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which does not result in a mono-ex ponential decay. A mono-exponential decay fit of 

Eq. 2.19 leads to the underestimation of the decay rate, which in turn gives the 

underestimation of k(ν) [7 - 9]. This effect is comparable to the ‘slit function problem’ 

of other spectroscopic techniques. However, correction for these effects in CRD 

spectroscopy is not trivial, since each frequency component within the laser 

bandwidth profile will give rise to a different decay time, thus producing multi-

exponential decay. 

 

2.3.1 Cavity modes 

 

Above, a rather simplified picture of CRD spectroscopy has been given, 

namely a pulse of light which is reflected back and forth in a high-finesse optical 

cavity. This picture gives the impression that this process is independent of the 

frequency of the laser light exciting the cavity, which is obviously not the case since 

we have to consider the mode structure. This can cause several problems. Narrow 

molecular absorption features might fall between the cavity modes and these features 

will then be absent in the spectrum. Furthermore, beating, resulting from multimode 

excitation, can generate oscillations in the ring-down transient, which prevents the 

accurate determination of the decay time τ. 

Potential problems associated with the mode structure can easily be 

cirvumvented by using a stable optical cavity with a near-continuum mode structure 

[10, 11]. In general, a cavity has both longitudinal and transverse modes. The 

frequency of a TEMqmn mode having a longitudinal index q and transverse indices m, 

n is given by [9]: 

 

( )
( )[ ] 


























−
+++= 2/12

arctan21
2 drd

dnmq
d
c

qmn π
ν   (2.20) 

 

 

From this equation it is seen that the longitudinal mode spacing (often referred to as 

the free spectral range of the cavity) is ∆ν=c/2d and that the transverse mode spacing 
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is given by (c/πd)arctan
( )[ ] 2/12 drd

d

−
. Therefore, the mode structure in the cavity is 

a continuum when the ratio of the transverse to longitudinal mode spacing is 

irrational. 

Experimentally, such a continuum can readily be achieved. First of all, no 

mode matching optics should be used to couple light into the cavity. Second, the 

cavity should be stable (and non-confocal), that is 0<d<r or r<d<2r. Third, the ratio 

of the mirror diameter to the length of the cavity should be not too small in order to 

ensure that the transverse modes remain in the cavity (i.e. the diffraction losses of the 

transverse modes should be minimized). Finally, care should be taken that all modes 

exiting the cavity are detected with equal efficiency, since transverse modes are 

spatially more extended. For example, a cavity with a length of 50 cm, mirrors with a 

diameter of 25 mm, and curvature radius r of 1 m satisfies the second and third 

conditions. All modes are detected by placing a photomultiplier directly behind the 

cavity. If the effective surface of the detector is small, a lens with an appropriate 

diameter and a short focal length should be used to focus the light onto the detector. 

Since the bandwidth of the excitation laser is often much larger than the 

(residual) mode spacing, many modes are excited. As shown by Hodges et al. 

(1996b), the excitation of many (transverse) modes dramatically reduces the 

modulation depths of the beats observed in the ring-down transients. By making the 

cavity mechanically unstable, the mode spacing varies, assuring that all frequencies 

are coupled into the cavity with an ‘equal probability’ (this also assures that the ratio 

of transverse and longitudinal modes is most of the time irrational). When the ring-

down transients are averaged, the residual mode beating effects are further minimized, 

leading to a single exponentially decaying transient. Note that mode beating effects in 

the transient are often difficult to observe owing to a ‘slow’ detector response or 

electronic filtering. 

There are a few disadvantages of the continuum-mode approach. First of all, 

the spatial resolution of CRD spectroscopy is not optimal because of the spatial extent 

of the transverse modes. Spatial resolution is important in experiments where one 

wants to map out the spatial distributions of molecular species [12, 13]. Exciting only 

longitudinal modes (‘TEM00 mode matching’) improves the spatial resolution and can 
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be achieved by using mode matching optics to couple the laser light into the cavity, or 

by using small-diameter mirrors [17], or by placing apertures in the cavity [9, 15]. 

Another disadvantage of the continuum-mode approach is the ultimate 

sensitivity that can be obtained [9], which is important for quantitative high sensitivity 

absorption measurements. The accuracy in the determination of the decay time is 

limited owing to very small quasirandom variations in the residual transverse mode 

beating. The ultimate sensitivity is obtained if only one single longitudinal mode is 

excited in the cavity, giving a truly single-exponential decay [14]. 

Lehmann and Romanini [17] suggested that one can perform CRD 

spectroscopy with a higher spectral resolution than the laser which is used to excite 

the cavity. In order to perform such an experiment, the mode spacing of the cavity 

should be larger than the spectral width of the laser, and the length should be carefully 

controlled in order to prevent drift of the modes [14]. 

It should be noted that pure TEM00 mode matching is not straightforward. As 

shown above, observing a single-exponentially decaying ring-down transient does not 

have to indicate that a single mode is excited in the cavity, since this can also be due 

to excitation of (many) transverse modes and/or slow detector response. A charge 

coupled device camera should be used in order to visualize the mode pattern (spatial 

structure) of the light exiting the ring-down cavity [9]. This provides a way to 

maximize coupling into the TEM00 modes. 

A more extensive discussion on the mode structure in a ring-down cavity, and 

how this affects the ring-down transient (mode beating) and the measured absorption 

spectrum, can be found in the work by Zalicki and Zare (1995), Martin et al. (1996), 

Lehmann and Romanini (1996), [9, 18]. However, it should be emphasized that, for 

the majority of CRD applications, problems associated with the mode structure of the 

ring-down cavity are largely absent. 
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2.3.2 Sensitivity of cavity ring-down spectroscopy 

 
The absorption coefficient is obtained from a CRD spectrum after subtracting 

the cavity loss measured without the absorber. Practically, however, one determines 

the cavity loss without an absorber from the baseline in the spectrum. 

 

( )
ττ

ττ

ττ
νκ

0

0

0

11
cccd

l −
=−=     (2.21) 

 

in which τ0 is the decay time measured without an absorber [14]. This equation shows 

that measuring the absorption coefficient simply involves the determination of two 

time constants. Furthermore, it shows that, for a simple static cell experiment where 

l=d, the absorption coefficient does not depend on the actual length of the cell. 

Therefore, the sensitivity of a CRD experiment is determined by the accuracy with 

which the ring-down times can be determined. 

The minimum detectable absorption in CRD spectroscopy depends on the 

reflectivity R of the mirrors and on the accuracy in the determination of τ [15] : 

 

( )[ ] ( )
min

1min 





 ∆−=
τ
τνκ Rl    (2.22) 

 

It should be emphasized that R in this equation is in fact Reff which is smaller than (or 

equal to) the reflectivity of the mirrors. Equation (2.22) shows an attractive feature of 

CRD spectroscopy; in order to achieve high sensitivity in the absorption 

measurement, only a rather low accuracy in the time measurement is needed. For 

example, 1% accuracy for the determination of τ combined with a cavity 10 cm long 

consisting mirrors with a reflectivity of 99.999%, leads to a minimum detectable 

absorption of 10-8 cm-1. 

The obtainable accuracy of τ is determined by many factors, for example, the 

laser system (bandwidth, modes and power), cavity (mirror reflectivity and modes), 
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detector, data acquisition and data analysis. In most of the reported CRD experiments 

the accuracy of τ is of the order of a per cent, which is due to multimode excitation of 

the ring-down cavity. The sensitivity of CRD spectroscopy can thus be increased by 

single-mode excitation of the cavity. 

In summary, CRD spectroscopy offers a sensitivity of 10-6 - 10-9 cm-1 with a 

rather simple experimental set-up. The sensitivity can be increased by exciting a 

single longitudinal mode. This single-mode approach is experimentally more involved 

than the ‘normal’ (i.e. multimode) CRD approach, which is due to the locking and 

simultaneously scanning of the laser and the ring-down cavity. 
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2.4 Continuous-wave cavity ring down 

 
The intrinsic bandwidth of a pulsed laser not only limits the spectral resolution 

but also complicates the data analysis due to the possibility of mode beating and 

nonexponential decay. Another limitation of pulsed lasers is the repetition rates thus 

fast data acquisition continuous-wave cavity ring down (cw-CRD) can eliminate this 

limitation. 

 The first cw-CRD experiments were performed with a cw-dye laser  

[19, 20], but these were soon replaced by cheaper, smaller, and ‘turn-key’, single 

mode diode lasers [21, 22]. Decay can be recorded if the cw laser beam is rapidly 

interrupted when a certain intensity level of the leaking out of cavity is reached. The 

spectral resolution of a typical cw diode laser is 2 orders of magnitude higher than the 

resolution of a pulsed laser with typical bandwidth of 1.5 GHz (0.05 cm-1). The 

narrow bandwidth of a diode laser also enables the excitation of a single resonator 

mode; then the mode beating and nonexponential decay are avoided. 

 Mode matching a cw laser with (TEM00) cavity modes can increase the 

efficiency with which the light is coupled into the resonator. The intensity of the light 

leaking out of the cavity is thus increased, which simplifies the detection of the decay 

transient and reduces the shot noise. This can be achieved by locking the CRD cavity 

to the laser: cavity locked cw-CRD (CLCW-CRD) [23]. State of the art CLCW-CRD 

setups achieve repetition rates of 80 kHz, a resolution of 75 kHz, and use analog 

detection schemes to determine the decay rate [24]; the sensitivity of the method is 

better than 10-11 cm-1. Closely related to CLCW-CRD technique is noise-immune 

cavity enhanced optical heterodyne molecular spectroscopy [25] with an even higher 

sensitivity; discussion of this technique however is beyond the scope of this thesis. 

 Although the achievements of cw-CRD are impressive, there are also some 

drawbacks. Diode laser often have a limited scan range compared to pulsed laser. To 

record spectra multiple short scans of ≈ 3cm-1 would be required, where a single scan 

of a pulsed dye laser is sufficient. A diode laser can cover the frequency range of  

400 cm-1, but controlled single mode scans are only possible over a limited frequency 

range. Pulsed dye laser system can cover the frequency range 11000-20000 cm-1. The 
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development of all solid state narrow bandwidth optical parametric oscillators extends 

the wavelength range of pulsed systems. Not only is the scan range of a diode laser 

limited, more important is that they are not yet available at every desired wavelength. 

cw-CRD lacks the simplicity of pulsed-CRD because it requires delicate electronics 

and optical devices. Nevertheless cw-CRD remains a very powerful and sensitive 

technique. 

 

2.4.1 Sensitivity 

 

Exciting a single longitudinal mode of the ring-down cavity provides the best 

sensitivity, just as in pulsed CRD spectroscopy. By locking the cavity to the laser line, 

the energy build-up in the cavity is high, which results in a high intensity on the 

detector that records the ring-down transient, thus improving the signal-to-noise ratio. 

With a locked cavity consisting of three mirrors with a reflectivity R=0.9993, [23] a 

sensitivity of 5×10-9 cm-1 is achieved. Although the repetition rate could in principle 

be more than 10 kHz, the actual repetition rate was only a few hundred hertz, limited 

by the acquisition speed of the digitizing electronics. Furthermore, the sensitivity of 

this spectrometer was limited by electronic noise imposed by the detection electronics 

(e.g. the digitizer). Recently, this set-up has been improved by using an analogue 

detection scheme [24]. With this improved CRD spectrometer, a sensitivity of  

8.8×10-12 cm-1 Hz-1/2 was achieved for the detection of carbon dioxide at around 1064 

nm. The cavity round-trip path was 42 cm, and the ring-down time of the empty 

cavity was 2.8 µs. The switching speed of the AOM, used for turning the laser beam 

on and off, was 80 kHz. Mirrors of modest reflectivity were used in order to obtain 

not too low intensities on the detector. 

Van Zee et al. (1999) compared, very generally, the sensitivities which can be 

obtained with single-mode pulsed and cw-CRD spectroscopy. Their conclusion is 

that, in principle, the highest sensitivity can be obtained when a cw laser with a very 

narrow bandwidth is used. This is mainly due to the more efficient coupling of light 

into the cavity. Obviously, a real comparison between pulsed and cw-CRD 

spectroscopy is very difficult since detailed knowledge is needed of all components of 

the spectrometer. 
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2.4.2 Applications 

 

CW-CRD spectroscopy is suitable for ultrahigh-resolution spectroscopy of 

molecules and clusters in supersonic expansion. In general, jet spectra are much 

simpler to interpret than spectra recorded in a cell, because of the reduced Doppler 

width of the rovibrational transitions and the reduced number of spectral lines as a 

result of rotational and vibrational cooling. Hippler and Quack [30] recorded the jet-

cooled spectrum of the ν2+2ν3 combination band of methane, and Biennier [31] 

recorded the rotationally resolved spectrum of the electronic transition of the O2 

dimmer. 

An additional advantage of cw-CRD spectroscopy is the high intracavity 

power which can be achieved, which offers the possibility of studying nonlinear 

effects [26, 27]. Romanini [26] recorded the absorption spectrum of NO2 in a jet, 

using a 2 W single-mode titanium-doped sapphire laser. The power in their ring-down 

cavity was about 20 W, which allowed them to observe saturation effects such as 

decreased absorption and Lamb dips. It should be noted, however, that such nonlinear 

effects have also been observed with pulsed CRD spectroscopy [28, 29]. 

Furthermore, cw-CRD spectroscopy can also be used for trace gas detection. 

For example, Campargue [32] demonstrated the sensitive detection of SiH2 in argon-

silane discharge. In this context, the development of compact and low-cost diode 

lasers is important. Since only one (or a few) rovibrational transitions of a trace gas 

molecule need to be monitored, the limited spectral region in which a single diode 

laser operates is not a disadvantage. For example, with a multiplexed diode laser 

system consisting of two diode lasers operating at 1391 and 1402 nm, Totschnig [33] 

could measure, simultaneously, methanol and isopropanol in a cell with a sensitivity 

of 2.4×10-9 cm-1 for a 4.3 s averaging time. 
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Chapter 3 Development of cw-CRD spectrometer 

 

3.1 CW-CRD spectrometer with a pulsed planar 

plasma expansion 

 

3.1.1 Abstract1 

 
A new cw cavity ring down spectrometer has been constructed with the aim to 

record electronic spectra of rotationally cold carbon chain radicals at high spectral 

resolution in direct absorption. The radicals are generated by discharging a high 

pressure gas pulse of acetylene in He in a multilayer slit nozzle geometry. A passive 

cavity mode locking scheme is used to handle refractive index changes inside the 

cavity caused by gas pulse and plasma fluctuations. The performance is demonstrated 

with the rotationally resolved origin band spectrum of the ug XA Π←Π 22 ~~  electronic 

transition of the triacetylene cation, HC6H+, around 16654.7 cm-1. 

 
3.1.2 Introduction 

 
The general description of cavity ring down spectroscopy (CRD) experimental 

setup is presented in Ref. [24]. In Fig. 3.1 an overview of the update version of the 

apparatus is shown. Detailed drawings and description of the construction and 

operation of the transient molecule source, laser and computer system are presented in 

this chapter. 

                                                 
1 This Chapter is a slightly modified from the article published in: P. Birza, T. Motylewski, D. 
Khoroshev, A. Chirokolava, H. Linnartz, J.P. Maier, Chem. Phys. 283 (2002) 119. 

24 



Development of cw-CRD spectrometer  

High resolution spectra of unsaturated carbon chain radicals are of interest in 

view of their role in interstellar hydrocarbon chemistry. Following Fourier transform 

microwave work, a series of cyanopolyynes and (cyano)poly-acetylenes has been 

identified by radio astronomy in dark interstellar clouds [1]. It is argued that 

electronic transitions of such chains may be responsible for unidentified absorption 

features in diffuse interstellar clouds [2]. The first experimental indication of this 

came from observations of the electronic absorption spectra of mass-selected carbon 

species in neon matrices [3], but owing to solvation effects, the absorption bands 

exhibit a shift relative to the corresponding gas phase spectra. 

 

 
 

Figure 3.1 Overview of cw-CRD experiment. 
 

The latter are now available from a series of experiments on supersonic 

plasma expansions, using photo-detachment [4], REMPI-TOF [5], and CRD [6,7] 

spectroscopy with pulsed laser systems. The frequency resolution in these 

experiments is typically of the order of 0.035 cm-1 or worse. In a single-mode cw laser 

experiment a much higher resolution can be obtained and with this aim a cw-CRD 

setup has been constructed. 
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CRD spectroscopy has become a powerful tool for the study of the structural 

and dynamical properties of molecules in the gas phase. In a series of recent review 

articles [8–10] a number of useful applications is listed. One of the reasons for this 

success is the conceptual simplicity of a CRD experiment [11]. That is, the ring down 

time reflects the rate of absorption rather than its magnitude and as such it is 

independent of power fluctuations. In addition, very long absorption path lengths are 

obtained by confining light tens of microseconds to the cavity. This increases the 

sensitivity considerably and absorption values as small as 10-6 per pass have been 

achieved. 

In conventional CRD experiments, pulsed lasers are used; each light pulse 

induces a ring down event. In cw experiments this is not the case and more 

complicated detection schemes must be applied, either by measuring the phase 

retardation of an amplitude modulated cw laser [12] or by analyzing the exponential 

decay after switching off the laser beam with a fast optical switch [13–18]. In 

addition, the cavity has to be in resonance with the laser wavelength, because the laser 

bandwidth is generally too narrow to excite more than one cavity mode at a time. For 

this reason several active tracking schemes have been developed [14, 15, 17], but in a 

pulsed jet experiment - as it is the case here – such schemes do not work: the gas 

pulse changes the refraction index, effectively changing the optical length of the 

cavity, pushing it out of resonance. This effect is further enhanced when plasma 

fluctuations cause additional instabilities. In this case a passive scheme for mode 

locking must be used, as it was introduced recently in Refs. [16, 18]. 

In this contribution the experimental details are described of a cw-CRD setup 

capable of detecting unstable carbon chains generated in a pulsed supersonic planar 

plasma expansion. The performance is discussed on the example of a rotationally 

resolved electronic spectrum of the triacetylene cation, HC6H+. 

 

3.1.3 Mechanism of cw-CRD spectrometer 

 
The carbon chain radicals are generally produced by applying a 500 µs high 

voltage pulse (- 600 V, 100 mA) to a 1 ms high pressure gas pulse of an 0.5 % 

HCCH/He mixture that is expanded through a 3cm × 200µm slit with a backing 
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pressure of approximately 10 bar. The system has been used before (see e.g. Refs. 

[19, 20]) and combines high molecular densities and relatively large absorption path 

lengths with an effective adiabatical cooling. In addition, the effective resolution is 

increased compared to pinhole expansions due to a reduced Doppler broadening 

parallel to the slit. A further reduction is obtained by using a multichannel body. A 3D 

picture of the nozzle is shown in Fig. 3.2 together with a short description of its 

operation. More details are  

 
Figure 3.2 An artist’s view of the high pressure slit nozzle discharge. The orifice 
consists of two sharp stainless steel jaws (actual slit), a ceramic insulator, a slotted 
metal plate (grounded) and a second ceramic insulator. Both insulators and metal 
parts are mounted to the body of the nozzle using electrically isolated screws. A 
pulsed negative high voltage is applied to the jaws via ballast resistors at the moment 
that a high pressure gas pulse expands through the channel. The discharge strikes to 
the grounded plate, localizing the reaction zone to a region upstream of the expansion. 
The body is floating and connected to an electromagnetic driven pulsed valve. A 
multichannel system inside the nozzle regulates the gas flow towards the slit and 
allows a further reduction of the Doppler broadening. 
 
available from Ref. [21]. Fig. 3.3 shows the whole experimental setup. The light of a 

single mode ring dye laser (Coherent, cw-899 autoscan), pumped by a 6 W solid state 

laser (Verdi), is guided through an acousto-optical modulator (AOM, Isomet  

1205C-2). The first order detection is focused into the ring down cavity via a lens that 

matches a TEM00 cavity mode, where it crosses the planar plasma expansion 
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approximately 6 mm downstream. The cavity ring down mirrors (REO, 1 m 

plano/convex, R>99.995 %) are mounted in a mechanically stable holder at a distance 

of L = 32 cm. A system of internal diaphragms facilitates a careful allignment and He-

curtains protect the mirrors from pollution during jet operation. 

 
Figure 3.3 Schematic of the whole experimental setup using a external generator 
for the ramp 

 
A strong transmission occurs only when cavity and laser wavelength are mode 

matched. To achieve this, a passive mode locking system has been used, similar to the 

method described in Ref. [16, 18]. One of the mirrors is mounted on a piezo element 

(PI S314.10) and by applying a periodical (30 Hz) triangular shaped voltage to the 

element the cavity length is modulated. The amplitude is chosen in such a way that it 

corresponds to at least two free spectral ranges of the laser frequency, i.e. the cavity is 

at least four times in resonance with the laser during one period (Fig. 3.4). A 

resonance results in a maximum of transmitted light intensity after the cavity and is 

monitored using an oscilloscope. When the intensity reaches a certain threshold, a 

trigger signal is generated that switches off the AOM; the laser beam is interrupted 

and a ring down event is initiated.  
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The following detection scheme is used to guarantee that plasma pulse and 

ring down event coincide (Fig. 3.4). The data acquisition program chooses via a 

simple algorithm for the transmission that is strongest and closest to the middle of the  

 
Figure 3.4 Timing and triggering scheme. I. A 30 Hz ramp is applied to a piezo 
element. II. The photo diode shows when cavity resonances occur. The data-
acquisition program choses the transmission closest to the middle of the ramp, 
defining t0 and the ramp voltage for which the resonance occurs. When the 
transmission intensity exceeds a certain threshold, the AOM is switched off and a ring 
down event is induced. III. The program defines a 300 µs time window in which the 
next resonance is expected. In order to circumvent hysteresis effects only signals on 
positive or negative ramps are taken. IV. t0 is also used 11 to trigger the gas and 
discharge pulse every second ramp. The plasma free ring down event is used for 
background substraction. Further details are given in the text. 
 
ramp voltage. This defines t0. The exact ramp voltage (V1,res) at which this cavity 

resonance occurs is used to define a 300 µs time window at the same ramp voltage in 

the next cycle. (In order to minimize hysteresis effects of the piezo-element, only 

transmissions on positive or negative ramps are used.) It also defines a delay at which 

gas and discharge pulse are activated, in such a way that the plasma expansion 

coincides with the time window: when a ring down event occurs it automatically 

samples the plasma. To further increase the sensitivity, only every second cycle is 

used to trigger gas and discharge pulse. The plasma free ring down event is then used 

for background substraction. This means that with a 30 Hz periodic modulation, 15 

ring down events with plasma and 15 ring down events without plasma are measured. 
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The major part of the predicted resonances is within the 300 µs time window, 

but due to external instabilities the procedure might fail. In this case the data 

acquisition program checks the whole ramp, defines a new t0 and restarts predicting 

the position of the next resonance. During this short time (3 cycles) only a few data 

points are lost. The transmission after the ring-down cavity is focussed via a narrow 

band pass filter onto a broad band UV/VIS Si-photodiode (Hamamatsu, ST336-

44BQ). Ring down events are recorded using home-written software running under 

real-time Linux. The complete decay curve is fitted to an exponential defining τ. The 

CRD spectrum is obtained by recording τ while scanning the laser. Typical ring down 

times amount to τ = 27 µs. This is equivalent with approximately 25000 passes 

through the plasma or an effective plasma absorption pathlength of  

760 m.  
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3.2 Slit nozzle plasma 

 The spectroscopy of ions and radicals in a cooled discharge cell suffers from 

high rotational and vibrational temperatures and Doppler limited resolution. Due to 

high temperatures, the spectra are congested and fine and hyperfine splitting are hard 

to be seen because of Doppler broadening. Higher temperatures in the cells decrease 

the quantum state population density and consequently the detection sensitivity is 

greatly reduced. 

 Free jet expansions combined with plasma techniques overcome such 

problems. A number of discharges techniques have been applied to nozzles both with 

circular and slit geometries. The first design in this direction was introduced by 

Egelking with a corona discharge in a expansion through a pine hole [25]. A small 

gauge tungsten wire is introduced through a ´T´ fitting attached to the glass tube, and 

positioned with one end just behind the nozzle aperture on the high-pressure side. 

When this side is connecting at high voltage (typically 15kV through stabilizing 

resistors limiting the current to 50 µA), a small corona discharge forms at the tip of 

the tungsten wire. The current flows through the gas in the nozzle throat, making 

connection to the ground by ionic and electronic conduction over the expansion to a 

grounded plate. 

 A new pulsed, discharge slit source was developed by Nestbitt et. al. 

generating intense jet-cooled densities of radicals and molecular ions [26]. The design 

confines the discharge region upstream of the supersonic expansion orifice to achieve 

an efficient rotational cooling down to 30 K or less. The basic discharge design 

consists of two electrically stainless steel jaws that form the limiting aperture for the 4 

cm slit expansion, separated from the pulsed valve body by a thin isolator. A negative 

bias voltage is applied to both jaws. The electron current therefore flows across the 

insulator against the supersonic gas stream and terminates on the inside of the pulsed 

valve. Gating circuits are used to switch the discharge voltage to the jaws on and off 

50 µs before and after the gas pulse arrives. The discharge is essentially completely 

confined inside the 300 µm wide slit. Molecular radical densities of 1012 /cm3 and 

protonated ions densities of 1010 /cm3 have been obtained with this source. 
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 Our construction is similar to a slit nozzle incorporating discharge zone, which 

was used to measure high-resolution infrared spectra of methyl and ethyl radicals  

[54, 55] using methanol and ethyl iodine as precursors. The source body consists of a 

slit insulator, a metal plate, a second insulator and two sharp plates that form the exit 

slit (~250 µm, 60˚ exit angle).  

 
 

Figure 3.5 High pressure slit nozzle discharge 
 

To have a high gas peak pressure and eliminate waste of precursor substances we use 

a version of nozzle with internal volume 1 cm3 (see fig. 3.5) and a gas buffer (600 

cm3) before the valve to avoid pressure drop during the pulse (Fig. 3.1). This resulted 

in shorter expansion times (500-1000 µs) and stable gas pulses.  

 Unfortunately, the nozzle has one disadvantage. The gas coming out the 

circular opening has to expand first horizontally to fill the internal volume and then 

vertically through the slit. The horizontal speed component is partially preserved 

while the gas passes through the slit. This results in a non-homogeneous expansion 

and causes Doppler broadening and even splitting of observed spectral lines. The 

splitting can be as large as 0.06 cm-1 when He is used as carrier gas, which 

corresponds to a relative velocity of 900 m/s. To make the gas flow less divergent in 

the direction parallel to the slit and to the laser beam a wide slit in a bottom ceramic 

plate was substituted with a series of cylindrical holes (1 mm hole, 0.3 mm ceramic 

walls in between, see fig. 3.6). 

 

 

 
 

Figure 3.6 Slit nozzles with a series of cylindrical holes 
 
 This design Fig. 3.2 resulted in significantly reduced Doppler broadening. 

Nevertheless, to reduce more the Doppler broadening we built a new body with a 
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multi channel system (Fig.3.3) inside the nozzle to regulates the gas flow towards the 

slit and allows a further reduction of Doppler broadening. 

 
Figure 3.7 High pressure slit nozzle discharge with new multi channel body 
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3.3 Acousto-optic modulator, cavity and light 

detector 

3.3.1 The Acoustic-Optic Modulator (AOM) 

 

One of the most important components of the experiment is the acoustic 

optical modulator (AOM). The laser beam is guided through the AOM and the first 

order deflection is focused into the ring down cavity via a telescope that matches a 

TEM00 cavity mode. When the transmission intensity exceeds a certain threshold, a 

trigger signal is generated than switched off the AOM, the laser beam is interrupted 

and a ring down event is initiated. The principle of the operation can be briefly 

described as follows. 

The acousto-optic effect occurs when a light beam passes through a 

transparent material, such as glass, in which traveling acoustic waves are also present, 

as depicted in Fig. 3.8. Acoustic waves are generated in the glass by a piezoelectric 

transducer that is driven by a RF signal source. The spatially periodic density 

variations in the glass corresponding to compressions and rarefactions of the traveling 

acoustic wave are accompanied by corresponding changes in the index of refraction 

for propagation of light in the medium. These traveling waves of index of refraction 

variation diffract the incident light much as the atomic planes of a crystal diffract x-

rays in Bragg scattering. For acoustic waves of sufficiently high power, most of the 

light incident on the acousto-optic modulator can be diffracted and therefore deflected 

from its incident direction.  

For acoustic waves of frequency f  traveling at the speed of sound in a 

medium, vs, the wavelength of the acoustic waves, Λ, and therefore the spacing 

between the planes of index of refraction variation, is given by the usual wave relation 

vs=Λf. A light beam passing through the acoustically driven medium will be diffracted 

to angles θ given by: 
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( )Λ= 2/sin λθ m  (1) 

where m =0, ±1, ±2, is called the diffraction order. In this experiment only the m =+1 

diffraction order will be important. Note the similarity of Eq. (1) to the analogous 

formula for Bragg diffraction of x-rays by atomic planes separated by a distance d: 

( )dm 2/sin λθ =  

From Fig. 1, the angle α between a diffracted beam and the undiffracted beam is given 

by: 

) f/2vs(m=)/2(m=/2)sin( λλα Λ     (2) 

 

 
 

Figure 3.8 Diffraction of a light beam by traveling acoustic plane waves in a 
acousto-optic modulator. 
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3.3.2 Cavity 

 
 The high finesse optical cavity is the most characteristic element of the CRD 

experiment. It is formed by two plano-concave (PL-CC) dielectrically mirrors facing 

each other. The reflectivity coefficient of the mirrors used in this experiment is in the 

range from 99.98-99.995%. Such high reflectivity could not be achieved using metal 

mirrors. The other advantage of the dielectric mirrors is very low absorption – the 

light which is not reflected, passes through the mirror. (T=1-R).  

The cavity ring down mirrors (REO, 1 m plano/convex, R > 99.995 %) are 

mounted in a mechanically stable holder at a distance of L= 32 cm Fig 3.9. A system 

of internal diaphragms facilitates a careful alignment and He-curtains protect the 

mirrors from pollution during jet operation. 

 
 
 

 
 
 
 
Figure 3.9 Schematic description of the cavity 
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3.3.3 PZT 

 
One of the keys of this experiment is the PZT (piezoelectric translators), 

because by applying a periodical triangular shaped voltage to the element the cavity 

length is modulated. The amplitude is chosen in such a way that it corresponds to at 

least two free spectral ranges of the laser frequency, i.e. the cavity is at least four 

times in resonance with the laser during one period.  

Two main types of piezo actuators are available: low-voltage (multilayer) 

devices requiring 100 volts or less for full motion and high-voltage devices requiring 

about 1000 volts for full extension. Modern piezo ceramics capable of greater motion 

replace the natural material used by the Curies, in both types of devices. Lead 

zirconate titanate (PZT) based ceramic materials are most often used today. Actuators 

made of this ceramic are often referred to as PZT actuators.  

The maximum electrical field PZT ceramics can withstand is on the order of 1 

to 2 kV/mm. In order to keep the operating voltage within practical limits, PZT 

actuators consist of thin layers of electro active ceramic material electrically 

connected in parallel (Fig. 3.10). The total displacement is the sum of the 

displacements of the individual layers. The thickness of the individual layer 

determines the maximum operating voltage for the PZT. 

High-voltage piezo actuators consist of bulk ceramic disks which are 0.4 to 1 

mm thick and glued together to form a stack (for more details see appendix 1). 
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Figure 3.10 Electrical connection of disks in a PZT stack actuator. 
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3.3.4 Light detector 

 
 The light it was detected by a broad band UV-VIS-NIR Si photodiode. A fast, 

low noise LM6365N amplifier was applied (Fig 3.11). The photodiode amplifier 

circuit combines fast response (bandwidth 10 MHz), minimal noise and linear DC 

operation. The photodiode voltage is amplified 250 times which results in a signal up 

to 5 V recorded by the data card. It should be noted that LM6365N amplifier is not a 

conventional operational amplifier. It is stable only for gains higher than 25 and has 

input impedance of about 10 KΩ which matches well the 1.5 KΩ load required for a 

fast photodiode response. The circuit is supplied with stabilized ±15V.  

 

 
 

 
 

Figure 3.11 Photodiode amplifier circuit  
 
 
 
 

 To reduce the noise we use a simple RC filter between the delay generator and 

the data card. 
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3.4 Continuous wave laser setup 

 

  The range of applications for continuous wave tunable lasers has expanded 

steadily since the introduction of the world’s most widely used ring laser in 1979—

Coherent’s 699 Ring Dye Laser. Advances in ring laser technology, particularly the 

development of laser-quality titanium-doped sapphire, have made wider tunability and 

outstanding performance in the near-infrared, with the convenience of a solid-state 

gain medium, possible. Today, increasing demands on research time and budgets, as 

well as performance, call for a ring laser system that is versatile and easy to operate, 

as well as capable of high power and tunability. The new 899 Ring Laser is designed 

for quick set-up and optimization with both dye and titanium: sapphire gain media. 

The 899 Ring Laser operates reliably over extended periods in every type of 

application, from routine semiconductor analysis to laser cooling of atoms. The 899 is 

the most flexible and economical ring laser system available, with the widest range of 

modular and upgradeable configurations, including full computer control. 

 

899-29 AUTOSCAN II 
 

The AUTOSCAN II combines an 899-21, a personal computer, a wavelength 

meter, analog-to-digital conversion capabilities, and a powerful software package to 

create a unique spectroscopic tool. Features include automatic selection of 

wavelengths (with absolute accuracy of ±200 MHz and reproducibility of ±50 MHz), 

automatic data acquisition of scans of any length permitted by the laser gain medium, 

a macro language, and extensive interfacing and customization capabilities. 

 

899 Broadband Operation 
 

High performance, stability, and ease of operation—in any configuration—

require a carefully designed, optimized resonator. Because the 899 Ring Laser was 

designed as an upgradeable system, the basic resonator for broadband operation 

fulfills the most demanding requirements of stabilized, single-frequency operation in 

titanium: sapphire and dye. All optical components, including the dye jet and 
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titanium: sapphire crystal assemblies are mounted on a two-inch diameter, low-

thermal expansion Invar rod. This extremely rigid, high thermal mass structure 

reduces system sensitivity to vibration and temperature changes. 

 

System 
 

Titanium-doped sapphire is a solid-state gain medium with superior laser 

performance from approximately 680 nm to 1.1 µm. The 899 Ring Laser is the only 

laser to offer the high output power and exceptional convenience of titanium: sapphire 

(Ti:S), together with the flexibility, visible and UV performance of dyes. This 

combination provides continuous tunability from 370 nm in the UV (or lower with 

frequency doubling) to approximately 1.1 µm in the IR (Figure 3.12). 

 

 

 Figure 3.12 Ring laser tuning curves 
 

 
The relative ease of alignment of a CW laser depends critically upon the 

pumping geometry. This is especially true of Ti:S configurations, which require 

collinear pumping. The lateral and angular positions of the pump beam, as well as the 

position of the pump beam waist, must precisely match that of the resonator. The 899 

Ring Laser has separate, orthogonal controls for angular, lateral, and waist positions 

of the pump beam to provide faster, more consistent alignment. 

 

The Ring Laser optical mount is fitted with a stable orthogonal control. 

Precision translation stages and high-resolution wedge-drive angular adjustments are 

used throughout for smooth, hysteresis-free motion. The range and sensitivity of each 

control are optimized for fast, consistent alignment. 
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The dye-jet assembly is equipped with high-resolution orthogonal adjustments 

for precise, repeatable positioning. The precision-formed, hardened stainless-steel dye 

jet produces an interferometrically-flat laminar stream for stable, low-noise operation. 

Some of the available tuning ranges and configurations are listed in table 3.1. 

 
 

Rhodamine 6G 560-620 nm 
Kiton Red 600-650 nm Ring Dye configuration 

DCM 630-700 nm 
Short Wave 700-830 nm 
Mid Wave 790-910 nm Titan-Sapphire 

configuration Long Wave 900-1000 nm 
 

Table 3.1 Available tuning ranges and configurations for the ring laser system 
 

 
The ability to change the mirror focal lengths of the 899 resonator adds a 

degree of flexibility found in no other cw laser system. Optimal resonator spot sizes 

for maximum power extraction and best mode depend on pump power and gain. 

Threshold and efficiency are determined, in large part, by ratio of the spot sizes of the 

resonator beam waist and pump beam waist. The 899’s variable focus resonator 

provides convenient optimization of the laser for a range of pump powers. In the Ti:S 

configuration, two fold mirrors and the final pump mirror are mounted on translation 

stages, while the dye configurations have the pump mirror mounted on translation 

stages. These adjustments allow the resonator to be refocused and to accommodate 

cavity mirrors of varying focal lengths. This variable focus resonator thus delivers 

high efficiency from lower gain dyes or lower power pump lasers, and maximum 

output in high power configurations (for more details see appendix 2). 
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3.5 Controlling experimental conditions 

 
There are several parameters of the laser system and the source which need to 

be stabilized in order to obtain good quality spectra. One difficult parameter to control 

is the gas pressure in the slit during the absorption measurement. The intensity of the 

gas pulse is changing in time, due to slow deformation of the valve poppet as well as 

possible rotation of the valve elements, while the length of electrical pulse opening 

the valve is kept constant. Variable gas amount leads to different conditions in the 

plasma and thus variations in the ring-down time. The average pressure in the vacuum 

chamber is related to the amount of gas in a single pulse, and consequently stabilizing 

this pressure will stabilize the effective backing pressure. This is achieved by 

measuring continuously the pressure in the vacuum chamber (crdst program) and 

changing the opening time of the valve by a monitoring program shm.tcl running on 

pc-104crd computer. A simple PID control algorithm is used.  

 The potential applied to electrodes is controlled by setting an HV pulse 

amplitude on a IGBT HV pulse generator (1500 V / 1 Amps). Resistors of 2.2 kΩ are 

used to limit the maximum current. The main source of instability is a short circuit in 

the slit (graphite deposition) which result in a temporarily lower voltage between the 

electrodes and sparking. This can be avoided by careful cleaning and by not using too 

high pressures and voltages in Ne or Ar expansion. A He expansion is more stable, 

when the backing pressure equals 8–11 bar and acetylene concentration does not 

exceed 0.5% the discharge is stable for many hours even at -1200 V. 

 The quality of the measured spectrum depends on the relative delays of the 

valve opening, discharge and the probing laser beam. To achieve highest possible 

concentration of molecules, the measurement is done at the top of the gas pulse, 

which comes 900-1600 µs after the electric pulse opening the valve. The discharge is 

set to fire about 100-200 µs before the laser and to continue at least until the end of 

the ring down. In this way the least possible amount of gas is used and measurements 

are performed during nearly stationary expansion conditions.  

A number of improvements to our previous setup (12) have been made.   
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(1)-before, several signals (photodetector, pressure gauges, voltage applied to 

the piezo) were recorded by the same data acquisition card, which switched between 

different channels. The switching resulted in spikes in the ring-down signal.  Now two 

data acquisition cards are used, one for the ring-down signal (see Fig 3.13), the other 

for  

 

 
 

Figure 3.13 Data card acquisition system. One is used to control the analog 
channels and to send analog spectrum to the autoscan computer via network and the 
second one just to receive the data from the photodiode (small spikes) and to generate 
the ramp voltage. By this means the noise coming from the valves can be avoided 

 
 
 

all other signals, so there are no spikes.  

(2)  The algorithm for triggering the gas and HV pulses has been changed. The 

delays for activating the valve and discharge are measured from the first resonance on 

the ascending voltage ramp (Fig. 3.14),  
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Figure 3.14. Relative timing of the piezo ramp voltage, cavity resonances, valve 
opening, and high voltage pulse applied to the slit electrodes. (a) Ramp voltage 
applied to the piezo. (b) Signal on the photodetector 
 

 

w_valve

ramp 
voltage w_dis

d_valve.di
s d_dis.laser

d_laser 

ring down 

 
Figure 3.15 Parameters used to control delays. The labels on the arrows are the 
parameters used in the data acquisition program and correspond to the next 
parameters fron the shm.tcl panel: d_laser – laser delay, d_dis_laser – discharge – 
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laser delay, w_dis – discharge length, d_valve_dis – valve discharge delay, 
w_valve – valve opening 
rather than from the analysed ring-down in the last period of the triangular-wave 

voltage. This algorithm is more robust and allows for larger steps in the laser scan. 

Non-linear response of the piezo element to the applied voltage results in slightly 

different delays between the first and second resonances depending on their positions 

with respect to the voltage ramp (see figure 3.16). 

 

 

Theoretic piezo 
ramp 

Real piezo ramp

Data acquisition time 
window 
time window 

Cavity 
resonances 

T0 T1 time window 

Figure 3.16 Nonlinearity of the piezo element 

 

This leads to the changes in relative timing of the HV pulse and the ring-down event 

as the laser is scanned and the resonances move relative to the ramp. To preserve this 

relative timing, the delay between the first resonance and the HV pulse is adjusted 

taking into account piezo nonlinearity.  (3)  The triangular-wave voltage for the piezo 

element is generated now by the data acquisition card instead of the stand-alone 

function generator. After all these changes, the signal-to-noise ratio improved 2.5 

times. The achieved sensitivity was of order 10-7-10-8 cm-1. 
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Trigger signals are generated by real-time Linux module crdst-rt.o. It is running 

on top of Linux kernel 2.2.19-rtl3.1-ext3-2. It allows to generate trigger pulses with 

accuracy of 1 µs and to react to external signals with latency below 40 µs. The 

communication of crdst-rt.o with other programs is done using shared memory (mbuff 

version 0.7.2). Bulk data transfer is implemented using circular buffers written and 

read by National Instruments DAQ cards (PCI-MIO-16E-1 and PCI-6024E) using 

direct memory access (DMA). 

The trigger adjustment is done by shm.tcl which uses the same shared memory to 

communicate with crdst-rt.o. crd.tcl adjusts finding ring downs, while shm.tcl adjusts 

the exact pulse sequence and timing. shm.tcl is also implementing temperature control 

(see Figure 3.17). 

 

 
 

Figure 3.17 User interface (shm.tcl) used for tuning crdst-rt.o RTLinux trigger 
generator. 
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The orange color marks the active signals, the signals marked green are disabled at a 

time . When the trigger is stopped, yellow indicates ‘ready to use’ and grey disabled. 

The ‘EXIT’ button quits only the shm.tcl application leaving the trigger running. The 

‘BREAK’ button is an emergency switch and causes all the applications to stop and 

terminate. The small buttons on the right side of the ‘valve opening ‘, switches the 

program to the manual control of the valve opening time, the some role is playing the 

small buttons on the side of the ‘set temperature’, switching the program to manual 

control of the heater. 
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3.6 Data acquisition  

 
 
The software is split into three functional parts: data acquisition, laser (scan) 

control and the trigger (Fig. 3.18). The photodiode signal is measured (12 bit 

resolution) continuously with rate of 1.25 MS/sec. The data is transfered via DMA to 

1Mb circular buffer. The current position of DMA pointer is monitored by crdst-rt.o 

and correlated with the high resolution system clock. The data acquisition runs 

synchronously with the ramp generator (both photodiode input and ramp output buffer 

cycle time is 400 ms). After the trigger sequence is finished, main_loop function 

(rt_interp thread of crdst-rt.o) searches for peaks higher then defines threshold. When 

found, CRD events are copied to the array for later processing by crd-fitter. The area 

where CRD events are expected is displayed by crd.tcl (Fig. 3.18). 

Crd.tcl is a user interface to control some variables (Table 3.2) in the shared 

memory and to display some data from that memory block. It also reads the ring 

downs curves and displays them. The real control is done by crdst.c (compiled into 

crdst-rt.o real time kernel module) which accesses the same shared memory block. 

 
Source Program Function 

crdst.c crdst-rt.o real time control and measurement 
crd-fitter.c crd-fitter fitting exponential decays, rejecting outliers, calculating 

averaged absorption, outputting absorption to scan.tcl 
and autoscan computer 

crd.tcl crd.tcl control ramp frequency and amplitude, control detection 
thresholds, display CRD events 

shm.tcl shm.tcl control trigger signals, stabilize pressure and 
temperature 

scan scan record the spectra 
crd-watchdog.c crd-watchdog supervise real time threads and stop the trigger if the 

system is overloaded 
libcrds-shm.c 
crds-shm.h 
crds-shm-config.h 

libcrds-shm.so library with functions to access (“crdshm” command) 
shared memory control and status variables from tcl/tk 
language 

crds-shm.h 
crds-shm-config.h 

 definition of data structures in shared memory 

 
Table 3.2 Correspondence between source-program and function 
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Figure 3.18 Data acquisition. DIO – Digital Input/Output, DMA – Direct Memory Access, crdst.c – multiple real time control threads  
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Figure 3.19 User interface (crd.tcl) used for tuning crdst-rt.o RTLinux trigger 
generator a – run/stop the program, b – measure the ring down on the ramp up or 
down, c – frequency of the ramp samples, d – counter of the ring downs, e – the 
minimum and maximum of the ring down, f – minimum and maximum absorption 
used for scaling analog absorption output, g – define the number of points to fit of 
samples to fit b*exp(-a*t)+c function, h – detection threshold for vacuum (blue), 
i – detection  threshold for jet (red), j – ring down events 
 
 

CRD events copied by crdst-rt.o are subsequently processed by crd-fitter 

process. It is fitting the 3 parameter function. 

( ) ( ) CBtAtf +−= exp  

where: A – is amplitude, B – decay rate, C – offset. 

The procedure is iterative and based on the fact that once the decay rate is fixed, 

amplitude and offset can be calculated fast using linear regression. In this way only 

single variable optimization using Brent method is needed [27]. The decay rate is 

calculated using this iterative method, while amplitude and offset come from linear 

regression. 

Crd-fitter performs also several steps of data filtering (eliminating noisy 

measurements and outliers). CRD curve is rejected as too noisy when the ratio of 
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noise amplitude to the total signal is greater than 0.05. Results of the fit are 

accumulated in an array until the signal “next frequency” comes from Autoscan or 

until 100 events. CRD events are then evaluated inside of subsets marked by 

conditions during ring down (presence of JET, DISCHARGE). For each subset 

outliers (ring down time further than 1.5 standard deviation of the subset) are 

removed. Outlier removal is repeated 3 times. Typically 20% of all data points are 

discarded. In this way rare CRD distorted by e.g. strong sparking or wrong timing do 

not count against the final averaged absorption. The (possibly frequency and time 

dependant) cavity losses are compensated by subtracting the decay rate without the 

discharge from the decay rate with plasma present in the cavity. Final absorption is 

output in units of (ms)-1 and is sent together with the current wavelength step and 

segment count to the “scan” program (Fig. 3.20). 

 

 
 
 

Figure 3.20 User interface (scan) used for recording spectra.  
 
 
Then the data are plotted and saved to the disk2 in a standard ASCI multicolumn TAB 

separated format. The first six lines contain extensive information about experimental 

conditions which should be entered by the operator before the scan finished. 

                                                 
2 crd:/home/exp/data/YYYY/Month/datDDMMYY.NAME.NN 
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3.7 Results 

 
In Fig. 2.5 the rotationally resolved origin band of the ug XA Π−Π 22 ~~  

electronic transition of HC6H+ is shown. The same transition has been studied in 

detail before in a liquid N2 cooled hollow-cathode discharge cell applying frequency-

plasma double modulation (FPM) spectroscopy [22] and is shown for comparison in 

the inset of Fig. 3.16. 

 
 

Figure 3.21 The origin band of the A2Πg - X2Πu electronic spectrum of triacetylene 
cation, HC6H+, measured by cw CRD spectroscopy through a supersonic pulsed 
planar plasma. The inset shows the corresponding spectrum measured in a ‘hot’, i.e. 
liquid N2 cooled environment with Trot ≈170 K. 
 
 

 At the high ambient temperature in the cell (approximately 150-200 K) the 

band system is found to comprise of two partially overlapping, 
2
3

2

2
3

2 ~~
Π−Π XA  and 

2
1

2

2
1

2 ~~
Π−Π XA  subbands, separated by the difference in spin-orbit constants in 

ground and electronically excited state. Both subbands show strong P- and R-

branches, with clear red shaded bandheads and with a weak Q-branch. The spectral 

simplification upon jet cooling is striking: the jet spectrum shown in Fig. 3.21 
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displays only one single band. It consists of a well-defined P- and R-branches and a 

strong Q-branch. The 6 lower J-levels are markedly stronger and no band head is 

observed. This is consistent with the low temperature in the supersonic jet. From the 

relative intensity of subsequent J-levels a rotational temperature of the order of 10 to 

15 K is derived. The lower temperature favors the population of the low-J rotational 

levels and as the Q-line strength is highest for low J-values,thus the Q-branch is much 

more pronounced now. The spin-orbit splitting in the ground state is approximately - 

31 cm-1 and as a consequence only the lower 




=Ω

2
3


  spin-orbit component is 

observable. The best achievable linewidth (FWHM), using a multichannel body, 

amounts to 450 MHz, two to three times smaller than possible up to now in pulsed 

laser experiments. This is sufficient to obtain rotational resolution for chains with 10 

to 11 carbon atoms, as long as no lifetime broadening is involved. However, 450 MHz 

is still larger than expected from the bandwidth of the cw laser system which is ≈50 

MHz. Assuming a Doppler broadened signal, this corresponds to a translational 

temperature of the order of 125 K which is too high. Indeed, this is due to residual 

Doppler broadening in the slit expansion, as has been observed also before in 

frequency production modulation experiments [23]: the use of a slower expansion gas 

(for example Ar) reduces the achievable linewidth proportional to the speed ratios. 

Clearly, further modifications in the expansion source are necessary to take full 

advantage of the small bandwidth of the cw laser used here. A possible improvement 

might be the use of skimmed planar expansions but to our knowledge such systems 

have not been reported in literature yet. The signal-to-noise ratio obtained in the 

present experiment is comparable to that obtained in the previous FPM studies [20], 

but the cw CRD method is more generally applicable: it works both for very narrow 

and broad absorption features. 

 

3.8 Conclusion 

 

It has been shown that cw-CRD spectroscopy can be used to study rotationally 

cold carbon chain radicals that are produced in a pulsed plasma expansion. Passive 
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mode matching is sufficient to perform the experiments. A reduction in linewidth has 

been obtained. The limiting factor turns out to be residual Doppler broadening in the 

expansion along the slit. Future source improvements are necessary to further increase 

the achievable resolution 
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Appendix 1 

 
Low-voltage piezo actuators are manufactured in a lamination process, where 

thick-film electrodes are printed on green ceramic foils. The layers of ceramics and 

electrodes are then pressed together and cofired to form a monolithic block. 

Typical layer thicknesses are in the range of 20 to 100 µm. After cutting the 

individual stacks to size, wire leads are applied. 

Both types of piezo actuators can be used for many applications: Low-voltage 

actuators facilitate drive electronics design, high-voltage types operate to higher 

temperatures (150 °C compared to 80 °C). Due to manufacturing technology, high-

voltage ceramics can be designed with larger cross-sections suitable for higher-load 

applications (up to several tons) than low voltage ceramics. 

 
Material Properties 
 

Since the piezo effect exhibited by natural materials such as quartz, 

tourmaline, Rochelle salt, etc. is very small, polycrystalline ferroelectric ceramic 

materials such as barium titanate and lead (plumbum) zirconate titanate (PZT) with 

improved properties have been developed. These ferroelectric ceramics become 

piezoelectric when poled. PZT ceramics are available in many variations and are still 

the most widely used materials for actuator applications today. At temperatures below 

the Curie temperature, PZT crystallites exhibit tetragonal or rhombohedric structure. 

Due to their permanent electrical and mechanical asymmetry, these types of unit cells 

exhibit spontaneous polarization and deformation. Groups of unit cells with the same 

polarization and deformation orientation are called domains. Because of the random 

distribution of the domain orientations in the ceramic material, a ferroelectric poling 

process is required to obtain any macroscopic anisotropy and the associated 

piezoelectric properties (see Fig. 3.10). If heated above the Curie temperature, 

however, the PZT crystallite unit cells take on cubic centrosymmetric (isotropic) 

structure. When cooled, the domains reform, but with randomized orientations, and 

the material does not regain its macroscopic piezoelectric properties. 
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The asymmetric arrangement of the positive and negative ions imparts 

permanent electric dipole behavior to the crystals. Before the poling treatment, the 

domains are randomly oriented in the raw PZT material. During poling, an intense 

electric field (> 2000 V/mm) is applied to the piezo ceramic. With the field applied, 

the material expands along the axis of the field and contracts perpendicular to that 

axis as the domains line up. When the field is removed, the electric dipoles stay 

roughly, but not completely, in alignment. The material now has a remanent 

polarization (which can be degraded by exceeding the mechanical, thermal and 

electrical limits of the material). Subsequently, when a voltage is applied to the poled 

piezoelectric material, the ions in the unit cells are shifted and, additionally, the 

domains change their degree of alignment. (see Fig. 3.22). The result is a 

corresponding change of the dimensions (expansion, contraction) of the PZT material. 

 
Figure 3.22 PZT unit cell:1) Perovskite-type lead zirconate titanate (PZT) unit cell 
in the symmetric cubic state above the Curie temperature. 2) Tetragonally distorted 
unit cell below the Curie temperature 
 
Resolution 
 

Since the displacement of a piezo actuator is based on ionic shift and 

orientation of the PZT unit cells, the resolution depends on the electrical field applied 

and is theoretically unlimited. Infinitesimally small changes in operating voltage are 

converted to smooth movements. No threshold voltages influence the constant 

motion. Piezo actuators are used in atomic force microscopes to produce motion less 
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than the diameter of an atom. Since displacement is proportional to the applied 

voltage, optimum resolution cannot be achieved with noisy, unstable voltage sources. 

 
Amplifier Noise 
 

As stated above, amplifier noise directly influences the position stability 

(resolution) of a piezo actuator. Some vendors specify the noise value of their PZT 

driver electronics in millivolts. This information is of little use without spectral 

information. If the noise occurs in a frequency band far beyond the resonant 

frequency of the mechanical system, its influence on mechanical resolution and 

stability can be neglected. If it coincides with the resonant frequency, it will have a 

more significant influence on the system stability. Therefore, meaningful data can 

only be acquired if resolution of the complete system—piezo actuator and drive 

electronics—is measured in terms of nanometers rather than millivolts 
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Appendix 2 

 
Intracavity Etalon Assembly 
 

Single-frequency operation in 899-05, -21, and -29 Ring Lasers is ensured 

with a pair of moderate finesse etalons mounted in a rugged, pre-aligned assembly. 

Both the thick (10.0 mm) and thin (0.5 mm) etalons have hard dielectric coatings that 

produce nearly constant finesse from 370 nm to 1500 nm, with minimum absorption 

loss. The thin etalon is mounted on a galvo drive that controls its tip angle. Coherent’s 

patented, thicketalon design uses a pair of Brewster-cut Littrow prisms. This allows 

the etalon to be PZT-tuned while still maintaining the advantages of an optically solid 

etalon, e.g., no AR-coated surfaces, low walk-off losses, and fast response. An 

independent servo circuit in the 899 Ring Laser Control Unit keeps the thick etalon 

aligned with the laser cavity mode during scanning. 

 

Vertex-Mounted Brewster Plate 
 

The 899-21 has a linear, controlled-scanning range of 30 GHz. The cavity 

mode frequency is scanned by rotating a single galvodriven Brewster plate, mounted 

at the vertex of the ring, through a small angle, thus producing an optical path-length 

change and continuous tuning. This design minimizes power modulation and beam 

movement in the cavity during the scan. 

 

899 Ring Laser Control Unit 
 

The 899 Ring Laser Control Unit provies precise and flexible operation and a 

convenient interface to other experimental equipment. Its outstanding reliability 

ensures years of trouble-free use. The 899 Ring Laser Control Unit includes: 

–Precision digital controls for scan selection—center frequency and scan width are 

variable in 10 MHz increments. 

–Switch-Selectable Free-Run (servo off) or actively stabilized operation. 

–Single-sweep mode. The internal sweep is activated once—without retrace—or can 

be manually controlled from the front panel. 
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–External Scan enables the laser scan to be controlled by an external input voltage. 

–Panel display of laser power, thicketalon offset, scanning Brewsterplate position, or 

any external applied signal. 

 

Titanium: sapphire is a birefringent optical material, and the operation of the 

laser is very sensitive to the orientation of the Ti:S crystal with respect to the cavity 

beam. The C axis of the crystal must be aligned in the plane of incidence, and the 

Brewster surface must be maintained perpendicular to the plane of incidence. 

Otherwise, the birefringence of the Ti:S crystal will combine with that of the 

birefringent filter, resulting in uneven tuning and increased optical loss. The Ti:S 

crystal in the 899 Ring Laser is mounted in a special holder that provides precisely 

adjustable rotation about the normal-to-the-Brewster surface. This adjustment ensures 

optimal alignment of the C axis of the Ti:S crystal for smooth tuning, while 

maintaining alignment of the Brewster surface for low loss and maximum tuning 

range. The 899 Ring Laser is guaranteed to tune smoothly across its entire specified 

tuning range, without skips or gaps 

 

The 899-29 AUTOSCAN II provides computer control of the complete laser 

system for the rapid accumulation of calibrated, high-resolution spectral data. 

Integrating a full-function 899-21 Ring Laser with a unique wavelength meter and 

computer control of the laser filter stack, the 899-29 continuously controls, monitors 

and optimizes the laser system while recording multiple channels of experimental 

data. 

 

Fully automated scans of any length 
 

Synchronous monitoring of wavelength meter channels and 899-21 functions 

allows the AUTOSCAN II to stack a large number of short scans that provide 

wavelength-labeled seamless spectra over any desired length, all from a few simple 

keyboard commands. The AUTOSCAN II system reduces the time required to 

perform high-resolution wide scan laser spectroscopy to the point that measurements 

once considered impractical or too time-consuming can be performed routinely. Data 

taken during a scan can be monitored in near real-time on the computer screen or 

dumped directly onto disk for later analysis. Because data collection is synchronized 
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to the laser scan, data is calibrated to the accuracy of the wavelength meter, providing 

unambiguous spectral assignments. 

 

200 MHz absolute wavelength accuracy 
 

The 899-29 AUTOSCAN II System consists of the most accurate wavelength 

meter commercially available, integrated with an 899-21 Ring Laser with extended 

control systems and interface electronics. The wavelength meter is mounted directly 

on the laser for stability and ease of alignment. Two optical components are used to 

determine the precise wavelength of the laser. The first, called the Optical Activity 

Monochromator (OAM), uses the optical activity of quartz to make a coarse 

wavelength measurement. A Vernier Etalon (VET) is then used to further refine the 

accuracy of measurement. This provides a specified absolute accuracy of ±200 MHz 

and a specified precision of ±50 MHz over the 450 to 900 nm operating range of the 

wavelength meter. 

 

PC-Compatible computer control with advanced software 
 

The AUTOSCAN II program features a menu-driven format for easy 

command entry. To collect data, the operator defines the necessary scan parameters, 

such as scan width and resolution, using menu commands. Then the complete set of 

parameters can be stored for later retrieval. The program also supports user-defined 

macros that allow the automatic execution of a sequence of commands, useful for 

applications requiring signal averaging or background subtraction. Extensive 

diagnostic routines provide performance checks and control of individual hardware 

components of the laser during alignment. An error-detection handler, built into the 

main program, checks the validity of all sensor signals and ensures that the operator 

knows when to perform routine maintenance on the system. AUTOSCAN II uses a 

dedicated and proprietary version of a DOS compatible computer system. 

 

63 



 



High resolution spectroscopy with CW-CRD spectrometer  

Chapter 4 High resolution spectroscopy with  

cw-CRD spectrometer 

 

4.1 Lifetime broadening in the gas phase  

electronic spectrum of C

˜ B 2∏← ˜ X 2∏

8H 

4.1.1 Abstract1 

 
The origin band of the ˜ B 2∏ 3

2
← ˜ X 2∏ 3

2
 electronic transition of linear C8H was recorded 

in a planar supersonic expansion by a cw–CRD spectrometer. The C8H radical was 

produced using a discharge through a C2H2/He mixture inside a pulsed slit nozzle.  

Despite the fact that the resolution of the spectrometer is 350 MHz, which is 3-4 times 

higher than the separation of rotational lines in this band, the rotational structure was 

not resolved. It is concluded that the rotational lines are broadened by rapid 

radiationless transitions from the excited electronic state.  Simulations of the spectrum 

give an estimate of 0.8 cm-1 Lorentzian linewidth which corresponds to ~7 ps lifetime 

in the excited ˜ B 2∏ 3
2
 electronic state. 

4.1.2 Introduction 

 
Electronic spectra of carbon chains are especially of interest from the 

astrophysical point of view. Linear hydrocarbon chains CnH play an important role in 

the interstellar chemistry.  They were detected in the envelopes of evolved stars and 
                                                 
1 This chapter is a slightly modified from the article published in: P. Birza, et al., Chem. Phys. Lett. 
382 (2003) 245-248 
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interstellar dark and translucent clouds by radio astronomy [1-3]. These species were 

extensively studied in the laboratory by microwave [4,5] and electronic 

spectroscopies [6,7]. Recent progress in experimental techniques made the 

measurement of rotationally resolved absorption spectra of electronic transitions in 

shorter carbon chains possible [8-12]. The origin band of the  electronic 

transition of the C

˜ B 2∏← ˜ X 2∏

2nH (n=3-5) radicals was observed in the gas phase using a 

combination of pulsed laser CRD with the slit-nozzle expansion of the discharge-

generated species [8-13]. Whereas the spectrum of C6H was rotationally resolved, the 

ones of C8H and C10H were not. The reason was not clear. We attempted to resolve 

the rotational structure in the stronger (Ω =3/2) component of the  origin 

band of C

˜ B 2∏← ˜ X 2∏

8H using a new cw-CRD spectrometer setup with resolution of 350 MHz. 

 

4.1.3 Experimental approach 

 

The main features of the experiment have been described previously (12 and 

chapter 3). It is based on the passive cavity mode locking scheme for cw-CRD 

spectrometer [14]. A piezo moves back and forth one of the mirrors of the cavity. 

When the cavity comes into resonance with the laser frequency and intensity on the 

photodetector behind the cavity increases to a certain threshold, the laser beam is 

interrupted by switching off the acousto-optic modulator. The light intensity in the 

cavity and on the photodetector then decays exponentially with time. Due to spatial 

filtering and mode matching of the laser beam, only TEM00 cavity modes have 

significant intensity. The timing of the valve opening and high voltage pulse is 

calculated so as to coincide with the ring down. 

The carbon chain species were generated by applying a high voltage pulse  

(-1000 V, 150 mA) to a 0.2% gas mixture of acetylene in helium expanding through 

the slit nozzle (3 cm × 200 µm) with the backing pressure of 11 bar. The pressure in 

the vacuum chamber was 0.23 mbar. The laser beam crossed the jet at 10 mm 

downstream the expansion. The number density of C8H species in this region was 

estimated using a theoretical oscillator strength (3.4 × 10-3) for this electronic 
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transition [15]. In the 5 K neon matrix spectrum, the integrated absorption of the 

origin band is approximately equal to that of the other vibronic bands in the 

 system [6]. Because only the origin band was measured in our 

experiment, the oscillator strength was reduced accordingly and leads to an estimate 

of the C

˜ B 2∏← ˜ X 2∏

8H number density in the discharge plasma of 6 × 108 cm-3. 

4.1.4 Results and discussion 

The recorded spectrum is shown in Fig. 4.1. The two broad features are the P 

– and R – branches of the origin band of the ˜ B 2∏ 3
2
← ˜ X 2∏ 3

2
 electronic transition of 

C8H. This band was first observed in 5 K neon matrix using mass-selected deposition 

[6]. It was assigned in the gas phase [13] on the basis of the known gas phase - neon 

matrix shifts [16] for similar hydrocarbon chains. This assignment was confirmed by 

equal frequency shifts resulting from deuterium substitution in the neon matrix [17] 

and in the supersonic jet experiment [13]. 

 

15970 15972 15974 15976

Frequency cm-1

 
Figure 4.1 Experimental spectra of the origin band in the ˜ B 2∏ 3

2
← ˜ X 2∏ 3

2
 

electronic transition of C8H. 
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The large narrow peaks belong to another carrier, propadienylidene (H2CCC).  

They are much stronger in this spectrum compared to the earlier measurement [13] 

because a slightly different nozzle design [12] has been used. The latter minimizes 

Doppler broadening but at the same time increases the production of shorter carbon 

chains. Although overlap with the features of another carrier complicates the 

spectrum, one can see that the rotational structure of C8H remains unresolved. 

The distance between the lines in the P and R branches is expected to be about 

0.04 cm-1 (1.2 GHz). Our resolution, estimated by the width of the narrowest feature 

(FWHM) in the spectrum, was at least 350 MHz.  It should be more than sufficient to 

resolve the rotational structure of the C8H band. One can compare this spectrum to the 

origin band in the ˜ A 2∏ 3
2
← ˜ X 2∏ 3

2
 transition of the isoelectronic linear tetraacetylene 

cation, HC8H+, recorded under similar conditions with a laser linewidth of ~900 MHz 

(see Figure 4.2). There the P branch is well resolved; the R branch is partially 

resolved. 

 

 
Figure 4.2 Rotationally resolved CRD absorption spectrum of the 

 2Π3/2 ←2Π3/2 electronic origin band transition of HC8H+, recorded through a 
supersonic planar plasma Trot ≈ 15 K. 
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The rotational level broadening in the upper  electronic state of C˜ B 2∏ 8H is 

caused by rapid radiationless transitions from this electronic state. Nonradiative 

relaxation of the  electronic state is present in other members of the C˜ B 2∏ 2nH series 

as well. It manifests itself as a two-component fluorescence decay in C4H with excited 

state lifetime estimate of 20 ns [18]. In the case of C6H (8), the ˜ B 2∏ 3
2
← ˜ X 2∏ 3

2
 

electronic absorption spectrum is best simulated when a Lorentzian broadening of 

~0.055 cm-1 is introduced in addition to a Gaussian linewidth of 0.037 cm-1 resulting 

from the laser linewidth and Doppler broadening. This corresponds to an excited state 

lifetime of order 0.1 ns. The spectrum was recorded in absorption across a pulsed 

supersonic slit jet using a cw – CRD approach. The two broad features are the P and R 

branches of this electronic transition. The narrow peaks belong to propadienylidene 

H2CCC.  

We simulated the observed broadening in the B ˜ 2∏ 3
2
← ˜ X 2∏ 3

2
 origin band of 

C8H (Figure 4.3) by varying three parameters: upper state rotational constant B′, 

rotational temperature Trot, and Lorentzian linewidth ∆νlor. B′′ was fixed to the value 

of 0.019589011 cm-1 taken from Ref. [4]. The obtained values are  

B′=0.0195±0.0001 cm-1, Trot=15±2 K, and ∆νlor=0.8±0.1 cm-1 (24 GHz), respectively 

where the values and errors were determinate by try and error with visual check 

between observed and simulated rotational profiles. Thus, the ratio B′/B′′ for C8H is 

0.995±0.005, which is close to the value of 0.99 for isoelectronic species [9-11]. 

Upper state rotational constant for the simulated spectrum in Figure 4.3 is  

B′ = 0.0195 cm-1, other constants are fixed to the ground state values (4). Rotational 

temperature is Trot = 15 K, Lorentzian broadening ∆νlor = 0.8 cm-1 (24 GHz). The 

simulated spectrum is slightly shifted down with respect to the experimental one. 
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Figure 4.3. Experimental and simulated spectra of the origin band in the 
˜ B 2∏ 3

2
← ˜ X 2∏ 3

2
 electronic transition of C8H. 

 

 

In contrast to C8H, the rotational structure is well resolved for the 

corresponding  electronic origin bands of the isoelectronic linear cations 

HC

˜ A 2∏ ← ˜ X 2∏

8H+ [9], HC7N+ [10], and NC6N+ [11]. Apparently, the presence of an additional 

low-lying  excited electronic state in the C2Σ+ 6H and C8H radicals [15,19-21] 

enhances vibronic interactions between the B  and lower electronic states and 

accelerates internal conversion. This broadening caused by intramolecular processes 

is one of the reasons why carbon chains attracted attention in connection with the 

diffuse interstellar bands [22]. 

˜ 2∏
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4.2 Rotationally resolved electronic spectrum of 

propadienylidene 

 

4.2.1 Abstract2 

 

The rotationally resolved electronic spectrum of a vibrational band in the  

A~ 1A2- X~ 1A1 transition of the cumulene carbon chain C3H2 was measured in the  

625 nm region in a supersonic discharge using cw cavity ring down spectroscopy. The 

rotational structure was analysed using a conventional Hamiltonian for an asymmetric 

top molecule, and the constants A´, B´ and C´ in the upper state were determined. The 

observed band is assigned to a combination of a1 and b2 vibrations with the frequency 

around 2000 cm-1. The geometries in the 1A1, 1A2, 1B1 states and the intersection point 

between the latter two were obtained using ab initio calculations. The effective 

structure in the measured vibrational level of the 1A2 state was inferred from the 

determined constants. 

4.2.2 Introduction 

High resolution gas-phase spectra of cumulene carbenes H2C(=C)n, highly 

polar molecules, are of interest from the viewpoint of astrochemistry, combustion, 

discharges, and molecular spectroscopy. A number of cumulene carbenes have been 

observed in the interstellar medium by radioastronomy [23,24]. The smallest member 

of this family, propadienylidene CCCH2, was first detected in an argon matrix by IR 

spectroscopy [25]. After its gas-phase rotational spectrum was recorded in the 

laboratory [26], this molecule was discovered in the Taurus molecular cloud [27]. Its 

cyclic isomer, cyclopropenylidene, is widespread in space [28]. 

                                                 
2 This chapter is a slightly modified from the article published in: P. Birza, et al., J. Mol. Spec. (2004) 
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Cumulene carbenes may be relevant to the problem of the diffuse interstellar 

bands (DIBs). The electronic spectrum of CCCH2 was recorded in argon [29,30] and 

neon [30] matrices. It consists of a strong band system ( 1
1

1
1 ~~

Α←Α XC

1
1

2
1 ~ Α←Α X

) with a 

vibrational progression in the 256 to 212 nm region and a number of weaker features 

in the 403-716 nm range assigned to  and  electronic 

transitions. On the basis of its electronic spectrum in a neon matrix, propadienylidene 

cannot be excluded as a DIB carrier [31] although many models suggest that such 

small molecules cannot survive in the radiation field of the diffuse cloud environment 

[32]. 

1
1

1
1 ~~ Α←Β XB ~A

The strong 1
1

1
1

~ Α←Α X  electronic transition of cumulene carbenes shifts to 

longer wavelengths with increase in chain length. It is predicted to be in the  

400 – 860 nm DIB range for the 13 – 34 carbon chains [35]. The species of this size 

are expected to be stable to photodissociation. It is interesting to note that in some 

chemical models of interstellar clouds the molecules with CnH2 formula, both 

polyynes and cumulene carbenes, are especially abundant [33]. 

The structure of propadienylidene in the ground electronic state was 

determined from microwave studies of the four isotopomers [26,36]. It is a near 

prolate top with C2v symmetry. Rotational constants B" and C" were determined to 

one part in 106 or better.  However, the uncertainty for A" was much higher because 

∆Ka=2 transitions could not be detected, and also due to a high correlation of A" with 

some centrifugal distortion constants. 

The photochemistry of C3H2 isomers was also studied in argon and neon 

matrices using IR and electronic spectroscopy [25,29]. The interconversion of 

cyclopropenylidene (c-CCHCH), propargylene (HCCCH) and propadienylidene was 

observed under various irradiation conditions. Singlet cyclopropenylidene is at the 

global minimum of the H2C3 potential energy surface according to theoretical 

calculations, singlet propadienylidene lies 0.4–0.6 eV, and triplet propargylene  

0.6–0.95 eV higher than cyclopropenylidene [29,37,38]. 
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H4

C3

H5

C2C1

 
 

Figure 4.4 Structure of CCCH2 using rotational constants from the ground state. 
 

 

 

 

In this paper the gas-phase electronic spectrum of propadienylidene recorded 

in the 624.6-625.8 nm region is reported. The spectrum was observed when 

measuring an electronic transition of the C8H radical [39]. 
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4.2.3 Experiment 

The spectrum was recorded using a cw cavity ring down (CRD) spectrometer 

sampling a supersonic expansion of a discharge plasma from a slit nozzle. The details 

have been given [39]. CCCH2 was produced by a discharge (-800 V, 120 mA) through 

a gas mixture of 0.2% acetylene in helium with a backing pressure of 11 bar. The 

laser beam crossed the supersonic jet 7 mm downstream. 

The light of a single mode ring dye laser, pumped by a 6 W solid state laser, is 

guided through an acousto-optical modulator (AOM). The first order deflection is 

focused into the ring down cavity via a lens so that the incoming laser light matches a 

TEM00 cavity mode. The CRD mirrors (1m plano-concave, R>99.995%) are mounted 

in a mechanically stable holder at a distance of 32 cm. One of the mirrors is on a 

piezo to which a periodic 60 Hz triangularly shaped voltage is applied. The cavity 

length is thus modulated and a strong transmission occurs only when it is resonant 

with the laser wavelength [40]. The light intensity after the cavity is monitored using a 

Si-photodiode and when it reaches a certain threshold, a trigger signal is generated 

that switches off the AOM. The laser beam is then interrupted, a ring down event 

initiated and fitted to an exponential. A spectrum is produced as a function of the ring 

down time versus laser frequency. The resolution of the recorded spectrum is  

0.01 cm-1 (FWHM) as estimated by the narrowest lines. The linewidth is due to 

Doppler and lifetime broadenings while the 500 kHz contribution of the laser is 

negligible. The absorption spectrum of iodine in a cell was recorded concurrently for 

frequency calibration. 
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4.2.4. Results and discussion 

4.2.4.1 Rotational analysis 

Approximately 90 lines including blended ones were recorded in the  

16000 cm-1 region and the spectrum is shown in Fig. 4.5 (lower trace). Initial 

rotational assignments were made using pattern recognition and polynomial fits of the 

lines in the P-, Q-, and R- branches. The spectrum was attributed to c-type transitions 

of a near-prolate top with Ka = 0←1, Ka = 1←0, and Ka = 2←1 subbands, where the 

choice for c- rather than b-type is indicated by the combination defects in the Ka = 

0←1 and Ka = 1←0 subbands. When deuterated acetylene was used as a precursor, 

the present spectrum was not observed, so the carrier contains hydrogen atoms. By 

comparing the sum B″+C″ obtained from the polynomial fit with known rotational 

constants of various candidate molecules it was concluded that the spectrum belongs 

to propadienylidene. Propargylene (HCCCH) has similar rotational constants 

according to ab initio calculations [41] but its spectrum in an argon matrix shows no 

absorption in the 400-700 nm range [29]. 

A least-squares fit of the parameters with a conventional rotational 

Hamiltonian for an asymmetric top molecule without centrifugal distortion terms was 

made using the program WANG [42] to the frequencies of the 86 lines listed in  

Table 4.1. The upper state levels with J = 2-4 in the Ka = 0 manifold and the 

transitions to these levels in the Ka = 0←1 subband are split by a perturbation into 

doublets. They were included in the fit using the positions of hypothetically 

unperturbed rovibronic transitions determined by the weighted intensity of the doublet 

components. The obtained ground state constants A″, B″ and C″ (Fit I, Table 4.2) 

coincide, within the accuracy of the fit, with the values derived from the microwave 

data [26], confirming the assignment of the transitions to propadienylidene. The 

ground-state rotational constants B″ and C″ were fixed to the values of Ref. [26] 

during the second fit because these have been accurately determined by microwave 

spectroscopy. The measured line frequencies and the ones generated by Fit II together 
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with their assignments are listed in Table 4.1. Because the transitions to the levels 

with three different values of  
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Table 4.1 Frequencies of the observed rovibronic lines in the 

1
1

2
1 ~~

Α←Α XA transition of C3H2 

 
J΄Ka Kc  J˝ Ka Kc νobs (cm-1) o-c (cm-1)a 

7 0 7 - 8 1 7 15966.2910 -0.0092 

6 0 6 - 7 1 6 15967.2044 -0.0055 

5 0 5 - 6 1 5 15968.0871 -0.0025 

4 0 4 - 5 1 4 15968.9394b 0.0000 

3 0 3 - 4 1 3 15969.7606b 0.0017 

2 0 2 - 3 1 2 15970.5523b 0.0037 

1 0 1 - 2 1 1 15971.3132 0.0049 

0 0 0 - 1 1 0 15972.0436 0.0055 

11 0 11 - 11 1 11 15971.5965 0.0021 

10 0 10 - 10 1 10 15971.7817 -0.0041 

9 0 9 - 9 1 9 15971.9601 0.0000 

8 0 8 - 8 1 8 15972.1034 -0.0124 

7 0 7 - 7 1 7 15972.2419 -0.0125 

6 0 6 - 6 1 6 15972.3749 -0.0000 

5 0 5 - 5 1 5 15972.4730 -0.0062 

4 0 4 - 4 1 4 15972.5771b 0.0116 

3 0 3 - 3 1 3 15972.6392b 0.0046 

2 0 2 - 2 1 2 15972.6992b 0.0129 

1 0 1 - 1 1 1 15972.7294 0.0086 

2 0 2 - 1 1 0 15974.0480b 0.0000 

3 0 3 - 2 1 1 15974.6657b 0.0075 

4 0 4 - 3 1 2 15975.2384b 0.0000 

5 0 5 - 4 1 3 15975.7814 -0.0068 

6 0 6 - 5 1 4 15976.3111 0.0027 

7 0 7 - 6 1 5 15976.7972 -0.0010 

8 0 8 - 7 1 6 15977.2509 -0.0071 

9 0 9 - 8 1 7 15977.6908 0.0034 

10 0 10 - 9 1 8 15978.0843 -0.0021 

7 1 6 - 8 0 8 15985.5124 0.0054 
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J΄Ka Kc  J˝ Ka Kc νobs (cm-1) o-c (cm-1)a 

6 1 5 - 7 0 7 15986.3203 -0.0000 

5 1 4 - 6 0 6 15987.1107 -0.0073 

4 1 3 - 5 0 5 15987.8910 -0.0068 

3 1 2 - 4 0 4 15988.6604 -0.0000 

2 1 1 - 3 0 3 15989.3987 -0.0073 

1 1 0 - 2 0 2 15990.1317 -0.0025 

7 1 7 - 7 0 7 15990.7170 0.0113 

6 1 6 - 6 0 6 15990.9129 -0.0000 

5 1 5 - 5 0 5 15991.0887 -0.0034 

4 1 4 - 4 0 4 15991.2533 0.0124 

3 1 3 - 3 0 3 15991.3697 0.0097 

2 1 2 - 2 0 2 15991.4584 0.0091 

1 1 1 - 1 0 1 15991.4988 -0.0100 

1 1 0 - 0 0 0 15992.2032 -0.0117 

2 1 1 - 1 0 1 15992.8683 -0.0054 

3 1 2 - 2 0 2 15993.5075 -0.0077 

4 1 3 - 3 0 3 15994.1368 -0.0026 

5 1 4 - 4 0 4 15994.7428 -0.0035 

6 1 5 - 5 0 5 15995.3405 0.0045 

7 1 6 - 6 0 6 15995.9200 0.0116 

8 1 7 - 7 0 7 15996.4696 0.0059 

8 2 6 - 9 1 8 16003.3733 -0.0000 

8 2 7 - 9 1 9 16003.9429 0.0000 

7 2 5 - 8 1 7 16004.3120 0.0000 

7 2 6 - 8 1 8 16004.7682 0.0012 

6 2 4 - 7 1 6 16005.2210 0.0000 

6 2 5 - 7 1 7 16005.5762 0.0015 

5 2 3 - 6 1 5 16006.1004 0.0013 

5 2 4 - 6 1 6 16006.3670 0.0019 

4 2 2 - 5 1 4 16006.9500 0.0017 

4 2 3 - 5 1 5 16007.1405 0.0021 
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J΄Ka Kc  J˝ Ka Kc νobs (cm-1) o-c (cm-1)a 

3 2 2 - 4 1 4 16007.8968 0.0023 

2 2 1 - 3 1 3 16008.6358 0.0025 

10 2 9 - 10 1 9 16009.1059 0.0040 

9 2 8 - 9 1 8 16009.4046 0.0037 

10 2 8 - 10 1 10 16009.8162 0.0104 

7 2 6 - 7 1 6 16009.9105 0.0013 

9 2 7 - 9 1 9 16009.9731 -0.0026 

8 2 6 - 8 1 8 16010.1219 -0.0073 

5 2 4 - 5 1 4 16010.2906 -0.0073 

6 2 4 - 6 1 6 16010.3894 0.0036 

4 2 3 - 4 1 3 16010.4468 -0.0000 

5 2 3 - 5 1 5 16010.4859 -0.0027 

4 2 2 - 4 1 4 16010.5733 -0.0012 

3 2 1 - 3 1 3 16010.6487 0.0054 

2 2 0 - 2 1 2 16010.6944 -0.0000 

2 2 1 - 1 1 1 16012.0599 -0.0094 

3 2 1 - 2 1 1 16012.6642 -0.0026 

3 2 2 - 2 1 2 16012.7029 -0.0019 

4 2 2 - 3 1 2 16013.2454 -0.0017 

4 2 3 - 3 1 3 16013.3168 -0.0063 

6 2 4 - 5 1 4 16014.3160 -0.0026 

6 2 5 - 5 1 5 16014.5078 -0.0000 

7 2 5 - 6 1 5 16014.8083 -0.0015 

 
 
 
a Fit II in Table 4.2. 
b These were included in the fit using the positions of hypothetical unperturbed 
rovibronic transitions determined by the weighted intensity of the doublet 
components. 
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Figure 4.5 Rotationally-resolved spectrum of C3H2 (trace c) in comparison with the simulated ones: trace a using the independent 
Boltzmann population model, trace b a single Boltzmann population for the two nuclear spin isomers (spin statistical weights 

ee:eo:oe:oo=1:1:3:3). The broad structure around 15970 cm-1 is the origin band of the 22
2/32/3

~~ Π−Π  transition of CXB 8H 
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upper state Ka were included, it was possible to determine the rotational constants A″ 

and A′ (Table 4.2) with higher accuracy than for A″ in the microwave study [36]. 

Using the determined molecular constants (Fit II, Table 4.2) the rotational profiles 

were simulated with the program WANG to compare with the observed spectrum as 

shown in Fig. 4.5. It was modified in order to consider independent Boltzmann 

populations (hereafter IBP) between ortho and para nuclear spin isomers, because the 

spectrum was observed at the low temperature of 20 K and propadienylidene is a light 

molecule. 

 
Table 4.2 Molecular constants (cm-1)a of C3H2  

 
 

 Constants Fit I Fit II Ref. [4] 

 A″ 9.6453(17) 9.6451(17) 9.6328(11) 

X~ 1A1 B″ 0.353117(84) 0.353198b 0.353198(67) 

 C″ 0.340435 (79) 0.340367b 0.340367(67) 

 A´ 9.83716(42) 9.83717(46)  

A~ 1A2 B´ 0.34121(11) 0.341217(86)  

 C´ 0.32876(12) 0.328764(91)  
 ν 15982.0366(15)c 15982.0367(16)c  

 rms 0.0058 0.0060  
 

a Values in parentheses denote the standard deviation and apply to the last digits of the 
constants. 
b Fixed to the value of Ref. [26]. 
c The error is from the least-squares fitting, and uncertainty of the calibration is  
0.01 cm-1.   

 
 

However the relative intensities of the simulated spectrum with the IBP model 

(trace a in Fig. 4.5) are not entirely consistent with the observation (trace c), i.e. 

relative intensity of the Ka = 1←0 subband in the simulation is weaker. Thus the 

spectrum was simulated with a single Boltzmann population for the two nuclear spin 

isomers as shown in trace b, which agrees well with the observed relative line 

intensities. In order to explain the difference to the IBP simulation, two reasons can be 
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offered: (1) full collisional equilibration is not achieved 7 mm downstream from the 

slit nozzle and (2) the intensities are affected by vibronic interaction with the nearby 
1B1 state. In connection with this the study of the 1A1- X~ 1A1 electronic transition of 

H2CO is relevant [54]. The observed rotational line intensities using a seeded helium 

free jet (fig 1b of ref. 54) can be reproduced well using the IBP model. However, in 

the spectrum with Ar as carrier gas (fig. 1c of ref.54) the relative intensities of the  

Ka = 1←0 subband are several times stronger than the simulated one produced by the 

modified WANG program with IBP. This indicates that collisional relaxation depends 

on the discharge conditions.  

 

4.2.4.2. Ab initio calculations 

 In order to obtain electronic and vibrational assignments for the recorded 

band ab initio calculations using the Molpro program [43, 44] with cc-pVTZ basis set 

were carried out. The adiabatic transition energies and geometry optimization of 

CCCH2 were computed using the CASPT3 (RSPT3) [45,46] and MRCI [47,48] 

methods with Davidson correction MRCI+D. Two active spaces CAS6 and CAS10 

including 6 and 10 orbitals, respectively, were used for the CASPT3 calculation, and 

CAS6 for the MRCI one. The active space CAS6 includes all 5 π-orbitals of the 

molecule and the C atom lone-pair orbital a1,b1,b2,a2=1,3,2,0 (C2v point group) with 6 

electrons. CAS10 includes additionally two bonding and two antibonding C-H  

σ-orbitals: a1,b1,b2,a2=3,3,4,0 with 10 electrons. During all the calculations the core 

orbitals were treated uncorrelated. 

The adiabatic transition energies calculated with the various methods 

[31,38,49-51] and the electronic excitation energies from the absorption spectrum of 

CCCH2 in neon matrix [31] are listed in Table 4.3. The theoretical and experimental 

values are in good agreement, somewhat better than with the previous MRCI [38] and 

CASPT2 [49] results, and significantly than those of single-reference methods 

[50,51]. Therefore, the present band (1.98 eV) is assigned to a vibronic transition 

within the A~ 1A2- X~ 1A1 electronic band system. 
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Table 4.3 Adiabatic transition energies (eV) of C3H2 
 

Method 1
1

2
1 A~A~ XA ←  1

1
1

1 A~B~ XB ←  

Ne-matrixa,b ≤ 1.733 2.036 

RSPT3, CAS10  1.737 2.023 

RSPT3, CAS6 1.730 1.985 

MRCI+D, CAS6 1.752 2.015 

MRCI+Dc  1.77 2.05 

CASPT2d 1.69 1.93 

CCSDe 1.91 2.49 

CC3f 1.80 2.14 

CCSD/CC3g 1.75 1.97 

 

a 13975 cm-1 for the lowest observed band of the transition and 16426 
cm

1
1

2
1 A~A~ XA ←

-1 for the origin of the 1
1

1
1 A~B~ XB ← transition.  

b Ref. [31]. 
c 8 orbitals with 8 electrons in the active space and ANObasis set C: 4s3p2d, H:3s2p, 
Ref. [38]. 
d Ref. [49]. 
e Ref. [50]. 
f Ref. [51]. 
g Estimation of excitation energy: E = ECCSD + 3/2 (ECC3  – ECCSD ) Ref. [9]. 

 

The observed transition around 15982 cm–1 is probably related to one of the 

two vibronic bands observed in the neon matrix [31] at 16161 cm–1 and 15813 cm–1. 

The 1A2 state corresponds to a π* ← π excitation, for which a red solvatochromic shift 

is usually observed in matrices. However, the matrix-gas shifts make the 

correspondence between the spectra uncertain.  

Because the observed band is of c-type, its vibrational component should 

belong to b2 symmetry e.g., a combination of a1 and b2 modes. It should have a 

vibrational frequency about 2000 cm-1. Calculation of the vibrational frequencies for 

the 1A2 state was carried out using the CASSCF method with 10 active orbitals  

(Table 4.4). There are two combination levels consistent with the observed frequency 

and symmetry: (i) ω4(a1)+ω8(b2):1983 cm–1, and (ii) ω2(a1)+ω9(b2):1869 cm–1. 
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Table 4.4 Calculated vibrational frequencies (cm-1) of C3H2 

 
  Mode X~ 1A1 A~ 1A2  

Experimentala CAS(10) CAS(10)

ω1  3010 3022 C-H symmetric stretching 

ω2 1952 2066 1707 C-C asymmetric stretching 

ω3 1446 1501 1436 H-C-H symmetric bending 
a1 

ω4  1154 1042 C-C symmetric stretching 

ω5  975 530 C-C-H out of plane bending 
b1 

ω6  254 337 C-C-C out of plane bending 

ω7  3085 3113 C-H asymmetric stretching 

ω8 1002 1072 941 H-C-H asymmetric bending b2 

ω9  236 162 C-C-C asymmetric bending 

     

 
a Ref. [26,29] . 
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4.2.5 Molecular structure 

The equilibrium structure and rotational constants for the 1A1, 1A2 and 1B1 

states have been calculated (Table 4.5). These predict a decrease of all rotational 

constants upon electronic excitation. Although the experimentally determined 

rotational constants B and C decrease upon excitation, A becomes larger. This 

discrepancy could be caused by vibronic coupling between the 1A2 and 1B1 states [31] 

or an anharmonic force field [52], neither of which were taken into account in the 

calculations. 

The bond length C3-H does not change according to the calculated geometries 

of the 1A1, 1A2 and 1B1 states (Table 4.5). Thus it can be fixed in the determination of 

the molecular structure. Using a least-squares fit, the structure of the vibrationally 

excited molecule in the 1A2 electronic state is determined from the observed rotational 

constants to be  

r (C1-C3) = 2.6618(24) Å and θ (C2-C3-H) = 121.5511(35)° 

where r (C3-H) was fixed to the 1.082 Å value in the 1A1 state from the ab initio 

calculations. Increase in the bond length r (C1-C3) and angle θ (C2-C3-H) upon 

excitation is indicated (Table 4.5). The errors (1σ in the least-squares fit) may be due 

to the effects of vibration. An independent determination of the bond lengths  

r (C1-C2) and r (C2-C3) was not possible in spite of using the two rotational 

constants B΄ and C΄ because carbon atom C2 is almost at the molecular center of 

mass. Spectra of 13C isotopic species of this molecule might provide the independent 

information for the determination of the four structural parameters. 

The energies of the 1A2 and 1B1 states are rather close to each other, about  

0.30 eV (Table 4.3), but the calculated equilibrium geometries differ significantly 

(Table 4.5). The C1–C2 bond length changes by 0.11 Å and that of C2–C3 by –0.06 

Å. Therefore, it is not surprising that root flipping between these states is predicted by 

the calculations. At the equilibrium geometry of the 1B1 state, the energy of the 1A2 

state is 0.15 - 0.17 eV higher than of 1B1 one as shown in Table 4.6. Differences in the 

geometry parameters between the equilibrium geometries of A2 and B1 states can be 

gathered in the vector ∆geo: 

∆geo = (1A2 equilibrium geometry) – (1B1 equilibrium geometry) 
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Figure 4.6 Schematic potentials of the 1A2 and 1B1 states and the intersection 
point. The parameter k is used to define the intersection point between the states. 

 

The ∆geo vector and k parameter were introduced to find the intersection point of the 

potential energy surfaces within the linear interpolation model. To generate 

intermediate geometries a proportionality constant k defined by: 

(intermediate geometry) = (1B1 equilibrium geometry) + k × ∆geo  

was used. The parameter k indicates the position of the intersection point between the 

B1 and A1 equilibrium geometry; at k = 0 the intersection point is in the B1 geometry, 

with k = 1 the A1 geometry. The intersection point of the 1A2 and the 1B1 states was 

found to lie close to the equilibrium of the 1B1 state (k = 0.15 – 0.18), and only 115-

155 cm–1 above the minimum of the potential energy surface of the 1B1  state (Fig. 4.6, 

Table 4.6). 
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4.2.6 Conclusion 

The absorption spectrum of a vibronic band within the A~ 1A2- X~ 1A1 electronic 

transition for the short cumulene carbene C3H2 was rotationally resolved by cw-CRD 

absorption spectroscopy. A conventional rotational Hamiltonian for an asymmetric 

top without centrifugal distortion terms was used to analyze the data. A least-square 

fit for the 86 lines gave accurate rotational constants for the excited state. The 

geometrical relation between the 1B1 and 1A1 states was demonstrated by the ab initio 

calculations. Furthermore, the effective molecular structure of the upper state was 

calculated using the obtained rotational constants.  

15900 15950 16000 16050

150 K

40 K

cm-1

10 K

 
Figure 4.7 Diffuse interstellar bands in the 628 nm region (lowest trace) taken 
from ref. 33 and the simulated C3H2 spectrum obtained using the independent 
Boltzmann population model for 10, 40 and 150 K (upper three traces) using 0.2 cm-1 
(FWHM) for the rotational lines. 
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The optical spectrum obtainned allows a comparison with the list of diffuse 

interstellar band positions [55]. Using the determined spectroscopic constants, the 

absorption spectrum of the C3H2 was predicted at the three temperatures 10, 40 and 

150 K with resolution typical in astronomical measurements ~ 0.2 cm-1. This is shown 

in fig. 4.7. As can be seen there are no DIB’s seen at these wavelengths. However, it 

should be pointed out that the transition being compared has a small oscillator 

strength (vibronically induced transition) and thus any corresponding DIB would be 

very weak. Clearly a better comparison will be with the origin band of the 

1
1

1
1 ~~ AXBB ←  system near 609 nm once this has been measured in the gas phase. 
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Table 4.5 Molecular structure and rotational constants of C3H2
a  

 

 

 

Bond length (Å) Angle (°) A   B C
State  

       

       

Method
C1–C2 C2–C3 C1-C3 C3–H C2–C3–H ( cm-1 ) ( cm-1 ) ( cm-1 ) 

X 1A1 Experimental b 1.291 1.324 2.615 1.098 118.8 9.6328(11)c 0.353198(67)c 0.340367(67)c

 RSPT3, CAS10         

   

         

         

1.290 1.330 2.620 1.085 121.35 9.744 0.351 0.339

A1A2 Experimental d 1.28707(79) 1.324 e 2.61107(79) 1.098 e 121.9969(12) 9.83717(46) 0.341217(86) 0.328764(91)

 RSPT3, CAS10 1.321 1.367 2.688 1.082 120.34 9.597 0.335 0.324

B1B1 RSPT3, CAS10 1.213 1.429 2.642 1.077 119.96 9.598 0.345 0.333

a Values in parentheses denote the standard deviation and apply to the last digits of the 
b Constants from Ref. [36]. 
c Constants from Ref. [26]. 
d This work. 
e Fixed to the value of Ref. [36]. 
 

 

 



 

Table 4.6 Computed relative energies for the 1A2, 1B1 and intersection point, and the geometry of the intersection point. 

 

 

Method E(1B1)–E(1A2)a Eintersect.–E(1B1)b k c Bond length [Å] Angle [°] 

(cm–1) (cm–1) % C1–C2 C2–C3 C3–H C2–C3–H

RSPT3, CAS10 115 15.2% 1.229 1.420 1.078 120.02 

RSPT3, CAS6 155 17.9% 1.232 1.421 1.077 119.97 

MRCI+D, CAS6 

-1180(-0.146 eV) 

-1360(-0.168) 

-1240(-0.154) 130  16.6% 1.234 1.420 1.078 119.97

   

 

 

 

 

 

 

 

 

a Energy difference of the 1B1 and 1A2 states at the equilibrium geometry of the 1B1 state. 
b Energy difference of the 1B1 and intersection point. 
c The parameter k is defined by the relation: (geometry of the intersection point) = (1B1 equilibrium geometry) + k×∆geo. 
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Appendix 1 Sensitivity 

 
After the first pass through the CRD, the laser pulse initial intensity Iin, is 

attenuated to , where T is the mirror transmittivity, α is the 

frequency dependent absorption coefficient of the gas sample inside the cell, and l is 

the cell length. For each subsequent round trip, the intensity decreases by an 

additional factor , where R is the reflectivity of the mirrors. Therefore, 

after n round trips, the pulse intensity at the PD is 

inIlTI )exp(2
0 α−=

( )lR α2exp2 −

( )[ ] 0
2exp IlRI n

n α−×= . Diffraction 

losses and Rayleigh scattering by the gas can be included in the mirror losses L, which 

are linked to the transmittivity and the reflectivity by the conservation of energy  

T+L +R = 1. For very high quality dielectric mirrors L≈T < 100 ppm. Therefore 

 

In=I0exp[ 2n( lnR-αl ) ]≈I0 exp[ -2n( T+L+ αl ) ] 

Since the PD output signal is filtered with a time constant that gives only the intensity 

envelope of the pulse train, we can change from the discrete variable n to the 

continuous time variable t = 2nl/c, 

I(t) =I0 exp( tct α
τ
− )  

where we introduced the empty cavity decay time τ=l/c(T+L). 

The experimental noise level of the signal S is 2σs~0.005. Incidentally, if it is 

considered that this noise is due mostly to the integration over window A (where the 

decay signal is much weaker), then this figure means that we are able to observe a 1% 

variation in A, 

%5.0222 ==
∂
∂

=
AA

S A
AS

σσσ  

The sensitivity limit is obtained dividing σS by the effective path length 

68 106.1/32/105
1
005.02 −− ×=⋅××≈≈ triproundcmcm
km

σ / round trip 

i.e. 0.016 ppm per round trip. 
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Appendix 2 Shot noise limit 

 
Here, the decay signal is digitized in a time interval [0, T] and then its 

logarithm is least squares fitted to a straight line to extract the slope a = - l/τ. In the 

following, instead of summing over data points, it will be convenient to use integrals. 

The signal is in this case S(t) =ln I(t) =ln I0 -t/r with a noise level 

σ2
S(t)=(∂S/∂I)2σ2

I(t)=l/I(t). 

The least-squares fit involves minimizing 

( )[ ]∫ −−=
T

dtbatTSbaF
0

2),(  

with respect to a and b, from which 

2
0

32
0

3

12
)(

)(6)(12
T
bt

TtS
adttS

T
dtttS

T
a

TT

−=
∂
∂

→−= ∫∫  

This allows us to calculate the noise level of a, 

∫ 







∂
∂

=
T

Sa dtta
tS

aT
0

2
2

2 )(
)(

)(σ  

6

22

3
0

84)84(36
x

xxexx
I

x −−−+−
=

τ
, 

τ
T

=x , 

which should be minimized to find the optimal experimental conditions 

τ
σ

τ
στ τ

0minmin
min

84.152.3
Ia

T a ==→≅  

It might seem puzzling that Tmin is actually finite. This implies that one should record 

and fit only a finite portion of the ring-down decay signal. The problem is that a 

nonweighted least squares fit is used here, and the shot noise on the logarithm of the 

ring-down signal increases exponentially with T. If all times are equally weighted, 

then the fit becomes more and more affected by the shot noise as T is increased 

beyond Tmin. 
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What happens if the fit to S(t) is weighted with the inverse square of the shot 

noise? We find that in this case, the minimum noise occurs for ∞→T , 

ττ
στ

0

1
I

=  

The experimental initial intensity Iin=5.2 µW. From here we can estimate  

( ) sec/1066.12/sec/ 12
0 photonhcIphotonI in ×=






=
λ
π  

In this case we can estimate the relative noise:  

00029.0
1071066.1

11
612

0

=
×××

==
−ττ

στ

I
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Chapter 5 Concluding remarks and outlook 

 

This chapter briefly summarizes general aspects of the results obtained. In 

particular, a comparison is made between the results for HC6H+ obtained before and 

after a series of improvements concerning the source and data acquisition program. 

With these modifications, we achieved higher resolution and a better S/N ratio. 

Conclusions concerning the cw-CRD spectrometer are not repeated here but can be 

found in the relevant sections. Finally, the outlook for future investigations is 

presented. 

5.1 Concluding remarks 

The initial measurement of the A2Πg←X2Πu (Ω=3/2) transition of HC6H+ 

gave results comparable to data obtained with the frequency modulation method (one 

of the most sensitive methods at that time), with a resolution of about 500 MHz and 

high sensitivity (~ 10-6 cm-1). Modifications of the spectrometer were then carried out. 

The discharge source was built with a multi-channel body which permitted a 

reduction of Doppler broadening. A new algorithm was used for fitting the ring down 

and two new data acquisition cards were used to improve control of the conditions. 

The spectrum of C3H2, recorded after these modifications, showed very high 

resolution (around 350 MHz) and a lowest detection limit of approximately 106 cm-3. 

The signal/noise ratio was improved by a factor of 2.5, giving a S/N ratio of 50 for 

C3H2. In addition, the sensitivity was increased by a factor of 10, to around 10-7 cm-1. 

Such changes will enable further studies of new and exciting species of 

astrophysical interest. 
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5.2 Outlook  

The results described in this thesis demonstrate that the cw-CRD spectrometer 

is a very powerful tool for gas phase spectroscopy measurements. With the present 

experimental setup, it is now possible to acquire high-resolution spectra of the best 

possible quality. With these developments we have made a new step towards studies 

of transient molecules in the gas phase and future investigations will continue in this 

direction. 

 

The search for new and interesting transitions is now possible following the 

extension of the scanning range to the ultraviolet region, achieved by doubling the 

laser wavelength. In addition, the data acquisition system has been upgraded and 

improved, allowing more precise data fitting and evaluation. 

 

 Further modifications can still be introduced into the experimental setup. 

Firstly, different ion sources may be implemented in the present apparatus, including 

ones based on laser desorption-ionization and electrospray ionization. Additionally, a 

photomultiplier could be used instead of a photodiode, to increase the acquisition 

speed. More efficient data fitting procedures can also be envisaged, to account for 

different statistical weights of the collected data. 
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Rotationally resolved A 2Pu]X 2Pg electronic transition of NC 6N
¿
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The rotationally resolvedA2Pu←X2Pg electronic origin band spectrum of dicyanodiacetylene
cation, NC6N

1, has been recorded in the gas phase using frequency-production double modulation
spectroscopy in a liquid nitrogen cooled hollow cathode discharge and cavity ring down
spectroscopy in a supersonic plasma. The analysis of the complementary results provides accurate
molecular parameters for the two spin-orbit components in both electronic states. ©2002
American Institute of Physics.@DOI: 10.1063/1.1427710#
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I. INTRODUCTION

In recent years several cyanopolyacetylene radic
(HCnN) have been studied by Fourier transform microwa
spectroscopy1,2 and, following their laboratory detection
species as large as HC11N have been identified by radio as
tronomy in the interstellar medium.3 The dicyano derivatives
(NCnN) may be comparably abundant in space, but are
suitable for microwave detection due to absence of a dip
moment. In this case accurate spectroscopic information
be obtained from high resolution studies of vibrational
electronic transitions in the gas phase. The latter are av
able for a series of carbon chain radicals. Examples are
nonpolar NC5N ~Ref. 4! and HC7H,5,6 as well as chains tha
were already detected in dense interstellar clouds suc
HC6N ~Ref. 6! and C6H.7 These species are formed in io
molecule reactions and consequently spectroscopic infor
tion on carbon chain ions is needed as well, but high res
tion data are rare and pure rotational spectra are limited
few species.8

This is particularly true for the~di!cyanopolyacetylene
cations. Electronic spectra have been recorded in n
matrices for NC2nN1 (n52 – 6) and HC2n11N1 (n
52 – 6).9–12 Following these and low resolution emissio
studies13–15 the rotationally resolved electronic gas pha
spectrum of the cyanodiacetylene (HC5N

1) and dicy-
anoacetylene (NC4N

1)16 as well as the cyanotriacetylen
(HC7N

1)17 were reported. In the present work the rotatio
ally resolved spectrum of the next larger member in
dicyano-series, NC6N

1, is presented. The results are com
pared with the results of density functional theo
calculations18 and the spectroscopic parameters available
the iso-electronic chains HC7N

1 ~Ref. 17! and HC8H
1.19

II. EXPERIMENT

The spectra are recorded using two complementary
perimental approaches. These are frequency produc
double modulation~FPM! spectroscopy of a static plasm
generated in a discharge cell (Trot;150 K! and cavity ring-
down ~CRD! spectroscopy sampling a supersonic pla

a!Electronic mail: Henricus.Linnartz@unibas.ch
9240021-9606/2002/116(3)/924/4/$19.00
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plasma (Trot515 K!, yielding spectra with significantly dif-
ferent rotational profiles. Both experimental techniques h
been described. In the FPM experiment20 mixtures of 0.5%–
0.6% cyanogen/He are discharged in a liquid nitrogen coo
hollow cathode incorporated into a White-type multiple r
flection cell (L tot;100 m!. Production modulation is ob
tained by applying a rectified 17 kHz ac voltag
~2500 to 700 V!. The laser beam is electro-optically mod
lated at a radio frequency of 192 MHz and detected by a
photodiode. Subsequent phase sensitive demodulation o
high frequency portion of the signal during a producti
cycle gives absorption bands that have a derivative
shape. The resolution is Doppler limited and typically of t
order of 550 MHz.

In the CRD setup21 the NC6N
1 radicals are formed by a

discharge through a high pressure gas pulse~typically 100
mA at 21000 V for a 12 bar backing pressure! of an 0.2%
cyanogen/He mixture in the throat of a 3 cm3300 mm
multilayer slit nozzle device. A standard CRD spectrome
is used to detect the signals in direct absorption. The res
tion is limited by the bandwidth of the laser to;0.035 cm21.
In both experiments iodine spectra are used for an abso
frequency calibration.

III. RESULTS AND DISCUSSION

An overview scan of theA2Pu←X2Pg electronic origin
band transition of NC6N

1 recorded by FPM in the discharg
cell is shown in Fig. 1. In the range 15 240–15 248 cm21

approximately 200 individual absorption lines are resolv
These transitions belong to theP-, Q- andR-branches of two
subbands corresponding to the parallelA2P3/2←X2P3/2 and
A2P1/2←X2P1/2 electronic transitions. The intensity ratio o
the two bands is determined by the ‘‘spin-orbit temperatu
and the value of the spin-orbit splitting (A9) in the ground
state. The latter is estimated from previous studies to be
the order of 240(5) cm21,16 the minus indicating that
the V53

2 spin-orbit component is lower in energy than th
V51

2. At the high ambient temperature in the cell both sp
orbit components are equally intense. The rotational pop
tion is distributed over many levels and the intensity of bo
Q-branches and transitions starting from lowJ-levels is low.
Clear band heads, however, are missing. Moreover, the s
© 2002 American Institute of Physics

AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 1. Rotationally resolved fre-
quency production double modulatio
absorption spectrum of theA2Pu

←X2Pg electronic origin band of
NC6N

1 measured in a liquid-nitrogen
cooled hollow cathode discharge (Trot

;150 K!. The P-, Q- and R-branches
of the A2P3/2←X2P3/2 and A2P1/2

←X2P1/2 subbands are indicated.
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orbit components overlap as the difference in spin-orbit sp
tings in ground and excited state,DA, appears to be smal
All these factors together lead to ambiguity in the assignm
of the rotational lines. What is missing is a clearly defin
starting point. This is provided by the jet spectrum.

In Fig. 2 part of the spectral region of Fig. 1 is show
The spectrum is recorded by CRD in the plasma expans
Only the lower subband,A2P3/2←X2P3/2, is clearly visible
now, as the population of the upper spin-orbit componen
low. Besides unresolvedP- and R-branches,22 a clear
Q-branch is observed starting at 15 245.46~3! cm21. This
branch is not visible in Fig. 1, but the CRD position allow
the assignment of transitions belonging to theA2P3/2

←X2P3/2 subband within61 J quantum numbering in the
FPM spectrum. The band gap is;10B @with B;0.019 cm21

~Ref. 18!# reflecting that the lowest rotational transitions co
Downloaded 27 Feb 2002 to 131.152.105.107. Redistribution subject to 
t-

nt

.
n.

is

respond toP( 5
2) andR( 3

2). Adjacent transitions are separate
by ;2B. In this way more than 80~40! transitions have been
assigned inP(R)-branch of theA2P3/2←X2P3/2 band with
J-values up to 90.5.23 These values are then fitted wit
PGopher24 usingn0 , B09 , B08 , D09 andD08 as variables yield-
ing a rms of 0.002 cm21. The resulting constants are listed
Table I. The value forB0950.018 753 3(55) cm21 is close to
the Be-value of 0.018 67 cm21 as obtained from density
functional calculations.18 A simulation using these constan
proves that the stronger feature in Fig. 1 at 15 247.23~3!
cm21 corresponds to theR-branch band head of theA2P3/2

←X2P3/2 system. A similar feature is observed at 15 247.
cm21 and is tentatively assigned to theR-branch band head
of the second spin-orbit system.

The lines that are left over are mainly due to theV51
2

e

pin-
in
FIG. 2. Cavity ring down absorption spectrum of th
A2P3/2←X2P3/2 electronic origin band of NC6N

1, re-
corded through a supersonic plasma. The second s
orbit component is not visible at the low temperature
the jet (Trot;15 K!. The Q-branch position is used to
assign the FPM spectrum.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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component. The rotational assignment is problematic now
information on theQ-branch of theA2P1/2←X2P1/2 band is
missing. The difference between the band heads, howe
indicates that theQ1/2-branch is expected around 15 246
cm21. In addition, only minor differences between the ro
tional constants for the two spin-orbit systems are expec
In previous studies transitions originating from differe
spin-orbit components were fitted with one single set of
tational parameters.7,16,19In the present experiment this turn
out not to be possible. However, as long as the effect of s
uncoupling is small, i.e., 2BJ!uAu, B is best replaced by
effective parametersBeff(

2P1/2) and Beff(
2P3/2). In second

order perturbation theory the differenceDBeff is given by

DBeff5
2B2

Ā
, ~1!

where Ā5A22B.25 A is expected to be of the order o
240(5) cm21 ~Ref. 16! which puts an additional constrain
to the fit. The line positions and most likely assignment

TABLE I. Molecular constants~in cm21! for the A2P3/22X2P3/2 and for
the A2P1/22X2P1/2 electronic origin band transition of NC6N

1. The mo-
lecular parameters for theA2Pu←X2Pg electronic origin band transition o
the iso-electronic HC7N

1 ~Ref. 17! and HC8H
1 ~Ref. 19! species are listed

for comparison.

NC6N
1 HC7N

1 HC8H
1

V53/2 V51/2 V53/2 V53/2 and 1/2

B09 0.018 753 3~55! 0.018 707~19! 0.018 966 5~71! 0.019 077 9~93!
D09 6.7(15).1029 6.2(38).1029

B08 0.018 558 5~56! 0.018 565~19! 0.018 773 1~72! 0.018 867 3~94!
D08 7.1(16).1029 8.3(39).1029

DB 20.00019 20.00014 20.00019 20.00021

DA 1 0.56 22.04 23.00
n0 15 245.737~1! 14 925.423~4! 14 143.1815~5!
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transitions belonging to theA2P1/2←X2P1/2 system are
available from~Ref. 26!. The resulting molecular paramete
are given in Table I. The quality of the fit will be worse a
only a few transitions share a common level~rms ;0.004
cm21!.26 Nevertheless, using Eq.~1! an A9-value between
215 and232 cm21 is calculated.27 The simulation confirms
that the band head position coincides with the feature
15 247.85 cm21.

The spectral features of NC6N
1 are expected to be quali

tatively similar to those of the iso-electronic cyanotriace
lene cation17 and tetraacetylene cation.19 The molecular pa-
rameters of theA2Pu←X2Pg electronic origin bands of
these two ions are listed in Table I as well. These bands
shifted to lower energy, by 320 cm21 for HC7N

1 and by
1103 cm21 for HC8H

1. The DA value of HC7N
1 ~22.04

cm21! is comparable to that of HC8H
1 ~23.00 cm21!, but

the corresponding value for NC6N
1 is significantly smaller

and, moreover, is positive~10.56 cm21!. This value, how-
ever, is very close to theDA510.53 cm21 found for
NC4N

1.16 There it was concluded that this anomaly is due
a spin-orbit induced interaction of the upperA2P1/2 elec-
tronic state with another low lying electronic state, presu
ably of 2S character, whereas theA2P3/2 state is not af-
fected. This becomes clear from the different values
DB5B082B09 : for the V5 3

2 component a value of 0.000 1
cm21 is found, similar to the values determined for HC7N

1

~0.000 19 cm21! and HC8H
1 ~0.000 21 cm21!, but for V51

2

the value decreases to 0.000 14 cm21. The second-order spin
orbit contribution to the rotational constant for aP state is
given by28,29

B(2)5SnÞ0

4B2

E0
02En

0
. ~2!

With uDEu540 cm21 this givesB(2);0.000 04 cm21, i.e., an
unperturbed value forDB of 0.000 18 cm21, close to the
value of the other spin-orbit component.

In the case of NC4N
1 it was also found that the

2S22P interaction removes the degeneracy of thee- and
e
h
o

FIG. 3. High J-level transitions with
their typical 1f derivative line shapes
recorded in the FPM experiment. Th
simulated spectrum is shown for bot
spin-orbit components. There is n
evidence forL-doubling~see the text!.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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f-symmetry, resulting in a resolvableL-doubling. This effect
is not observed here. In Fig. 3 part of theP-branch range for
high J-levels in both spin-orbit components is shown. T
simulated spectrum is given as well. Clearly, there is no e
dence forL-doubling within the experimental resolution: th
size of the splitting would have beenJ-dependent and the
expected 2:1 spin-statistical alternation is lacking. This
also expected: the rotational constant of NC6N

1 is 2.5 times
smaller than that of NC4N

1 ~;0.044 cm21! and since the
L-type doubling constantsp andq are proportional toB and
B2, respectively, splittings will be considerably smaller.

ACKNOWLEDGMENTS

This work has been supported by the Swiss Natio
Science Foundation, Project No. 20-63459.00. One of
authors~H.L.! also acknowledges support from FOM~Fun-
damenteel Onderzoek der Materie!.

1M. C. McCarthy, J. U. Grabow, M. J. Travers, W. Chen, C. A. Gottlie
and P. Thaddeus, Astrophys. J.494, L231 ~1998!.

2M. C. McCarthy and P. Thaddeus, Chem. Soc. Rev.30, 177 ~2001!.
3M. B. Bell, P. A. Feldman, M. J. Travers, M. C. McCarthy, C. A. Gottlie
and P. Thaddeus, Astrophys. J.483, L61 ~1997!.

4H. Linnartz, O. Vaizert, P. Cias, L. Gru¨ter, and J. P. Maier, Chem. Phys
Lett. 345, 89 ~2001!.

5C. D. Ball, M. C. McCarthy, and P. Thaddeus, J. Chem. Phys.112, 10149
~2000!.

6O. Vaizert, T. Motylewsi, M. Wyss, E. Riaplov, H. Linnartz, and J.
Maier, J. Chem. Phys.114, 7918~2001!.

7H. Linnartz, T. Motylewski, O. Vaizert, J. P. Maier, A. J. Apponi, M. C
McCarthy, C. A. Gottlieb, and P. Thaddeus, J. Mol. Spectrosc.197, 1
~1999!.

8C. A. Gottlieb, A. J. Apponi, M. C. McCarthy, P. Thaddeus, and H. Li
nartz, J. Chem. Phys.113, 1910~2000!.
Downloaded 27 Feb 2002 to 131.152.105.107. Redistribution subject to 
i-

s

l
e

9J. Agreiter, A. M. Smith, M. Ha¨rtle, and V. Bondybey, Chem. Phys. Let
225, 87 ~1994!.

10D. Forney, P. Freivogel, J. Fulara, and J. P. Maier, J. Phys. Chem.102,
1510 ~1995!.

11J. Agreiter, A. M Smith, and V. Bondybey, Chem. Phys. Lett.241, 317
~1995!.

12A. M. Smith, J. Agreiter, and V. Bondybey, Chem. Phys. Lett.244, 379
~1995!.

13E. Kloster-Jensen, J. P. Maier, O. Marthaler, and M. Mohraz, J. Ch
Phys.71, 3125~1979!.

14G. Bieri, E. Kloster-Jensen, S. Kvisle, J. P. Maier, and O. Mathaler
Chem. Soc., Faraday Trans.76, 676 ~1980!.

15J. P. Maier, L. Misev, and F. Thommen, J. Phys. Chem.86, 54 ~1982!.
16W. E. Sinclair, D. Pfluger, and J. P. Maier, J. Chem. Phys.111, 9600

~1999!.
17W. E. Sinclair, D. Pfluger, D. Verdes, and J. P. Maier, J. Chem. Phys.112,

8899 ~2000!.
18S. Lee, J. Phys. Chem.100, 13959~1996!.
19D. Pfluger, T. Motylewski, H. Linnartz, W. E. Sinclair, and J. P. Maie

Chem. Phys. Lett.329, 29 ~2000!.
20W. E. Sinclair, D. Pfluger, H. Linnartz, and J. P. Maier, J. Chem. Ph

110, 296 ~2000!.
21T. Motylewski and H. Linnartz, Rev. Sci. Instrum.70, 1305~1999!.
22No rotational resolution has been obtained, presumably because o

sidual Doppler broadening.
23See EPAPS Document No. E-JCPSA6-116-004204 for a list with

positions and observed-calculated values. This document may be retr
via the EPAPS homepage~http://www.aip.org/pubserv/epaps.html! or
from ftp.aip.org in the director /epaps/. See the EPAPS homepage for m
information.

24C. M. Western, School of Chemistry, University of Bristol, UK
PGOPHER, 1994 and 1998.

25H. W. Kroto, Molecular Rotation Spectra~Wiley, New York, 1975!,
p. 232.

26See Ref. 23.
27Shifting the rotational assignment by61 J gives values of27 and

2115 cm21.
28J. H. van Vleck, Rev. Mod. Phys.23, 213 ~1951!.
29R. F. Curl, Mod. Phys.9, 585 ~1965!.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



Cw cavity ring down spectroscopy in a pulsed planar
plasma expansion

P. Birza, T. Motylewski, D. Khoroshev, A. Chirokolava, H. Linnartz, J.P. Maier*

Institute for Physical Chemistry, University of Basel, Klingelbergstrasse 80, CH-4056 Basel, Switzerland

Received 24 January 2002; accepted 15 February 2002

Abstract

A cw cavity ring down spectrometer has been constructed with the aim to record electronic spectra of rota-

tionally cold carbon chain radicals at high spectral resolution in direct absorption. The radicals are generated in a

discharge of a high pressure gas pulse of acetylene in helium in a multilayer slit nozzle. A passive cavity mode

locking scheme is used to handle refractive index changes inside the cavity caused by gas pulse and plasma fluc-

tuations. The performance is demonstrated on the rotationally resolved origin band spectrum of the A2Pg �X2Pu

electronic transition of the triacetylene cation, HC6H
þ, around 16654.7 cm�1. � 2002 Elsevier Science B.V. All

rights reserved.

1. Introduction

High resolution spectra of unsaturated carbon
chain radicals are of interest in view of their role in
interstellar hydrocarbon chemistry. Species of the
form CnH, CnN, HC2nþ1N and H2Cn, with chains
containing as many as 11 carbon atoms, have been
identified in the dense interstellar medium with the
aid of laboratory Fourier transform microwave
spectroscopy [1]. It has been argued that electronic
transitions of such chains may be among the car-
riers of unidentified absorption features in diffuse
interstellar clouds [2]. The first experimental indi-
cation of this came from observations of the elec-
tronic absorption spectra of mass-selected carbon

species in neon matrices [3], but owing to solvation
effects, the absorption bands exhibit a shift relative
to the corresponding gas phase spectra. The latter
are now available from a series of experiments on
supersonic plasma expansions, using photo-de-
tachment [4], REMPI–TOF [5], and cavity ring
down (CRD) [6] spectroscopy with pulsed laser
systems. The frequency resolution in these experi-
ments is typically of the order of 0.035 cm�1 or
worse. In a single-mode cw laser experiment a
much higher resolution can be obtained and with
this aim a cw cavity ring down setup has been
constructed.
Cavity ring down spectroscopy has become a

powerful tool for the study of the structural and
dynamical properties of molecules in the gas
phase. In a series of recent review articles [7–9] a
number of useful applications is listed. One of the
reasons for this success is the conceptual simplicity
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of a CRD experiment [10]. A small fraction of
laser light is coupled into an optical cavity of
length L consisting of two mirrors with a reflec-
tivity R � 99:99% or better. The rate of light
leaking out of the cavity has an envelope which is
simply a first order exponential decay, expð�t=sÞ.
The ring down time s is given by L=½cð1� Rþ alÞ�,
where c is the speed of light and al reflects the
absorbance for a sample present in the cavity with
absorption coefficient a and length l. That is, the
ring down time reflects the rate of absorption ra-
ther than its magnitude and as such it is indepen-
dent of power fluctuations. In addition, very long
absorption pathlengths are obtained by confining
light tens of microseconds to the cavity. This in-
creases the sensitivity considerably and absorption
values as small as 10�6 per pass have been de-
tected.
In conventional CRD experiments pulsed la-

sers are used; each light pulse induces a ring
down event. In cw experiments this is not the
case and more complicated detection schemes
must be applied; either by measuring the phase
retardation of an amplitude modulated cw laser
[11] or by analysing the exponential decay after
switching off the laser beam with a fast optical
switch [12–17]. In addition, the cavity has to be
in resonance with the laser wavelength, because
the bandwidth is generally too narrow to excite
more than one cavity mode at a time. For this
reason several active tracking schemes have been
developed [13,14,16], but in a pulsed jet experi-
ment – as it is the case here – such schemes do
not work: the gas pulse changes the refraction
index, effectively changing the optical length of
the cavity, pushing it out of resonance. This ef-
fect is further enhanced when plasma fluctua-
tions cause additional instabilities. In this case a
passive scheme for mode locking must be used,
as it was introduced by Quack and coworkers
[15,17].
In this contribution the experimental details are

described of a cw CRD setup capable of detecting
unstable carbon chains generated in a pulsed su-
personic planar plasma expansion. The perfor-
mance is discussed on the example of a
rotationally resolved electronic spectrum of the
triacetylene cation, HC6H

þ.

2. Experimental

The carbon chain radicals are generated by
applying a 500 ls high voltage pulse ()600 V, 100
mA) to a 1 ms high pressure gas pulse of a 0.5%
HCCH/He mixture that is expanded through a 3
cm� 200 lm slit with a backing pressure of 10 to
12 bar. The system has been used in other studies
(see e.g. [18]) and combines high molecular densi-
ties and relatively large absorption path lengths
with an effective adiabatical cooling. In addition,
the effective resolution is increased compared to
pinhole expansions due to a reduced Doppler
broadening parallel to the slit. A further reduction
is obtained by using a multichannel body. A 3D
picture of the nozzle is shown in Fig. 1 together
with a short description of its operation. More
details are available in [19].
Fig. 2 shows the whole experimental setup. The

light of a single mode ring dye laser (Coherent, cw-
899 autoscan), pumped by a 6 W solid state laser,
is guided through an acousto-optical modulator
(AOM). The first order deflection is focused into
the ring down cavity via a lens that matches a
TEM00 cavity mode, where it crosses the planar
plasma expansion 6 mm downstream. The CRD
mirrors (1 m plano/convex, R > 99:995%) are
mounted in a mechanically stable holder at a dis-
tance of L ¼ 32 cm. A system of internal dia-
phragms facilitates the alignment and He-curtains
protect the mirrors during jet operation from
pollution.
A strong transmission occurs only when cavity

and laser wavelength are mode matched. To
achieve this a passive mode locking system has
been used, similar to the method described in
[15,17], with several small modifications. One of
the mirrors is mounted on a piezo element and by
applying a periodical (30 Hz) triangular shaped
voltage to the element the cavity length is modu-
lated. The amplitude is chosen in such a way that it
corresponds to at least two free spectral ranges of
the laser frequency, i.e. the cavity is at least four
times in resonance with the laser during one period
(Fig. 3). A resonance results in a maximum of
transmitted light intensity after the cavity and is
monitored using an oscilloscope. When the inten-
sity reaches a certain threshold, a trigger signal is
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generated that switches off the AOM; the laser
beam is interrupted and a ring down event is ini-
tiated.
The following detection scheme is used to

guarantee that plasma pulse and ring down event
coincide (Fig. 3). The data acquisition programme
chooses via a simple algorithm the transmission
that is strongest and closest to the middle of the
ramp voltage. This defines t0. The exact ramp
voltage at which this cavity resonance occurs is
used to define a 300 ls time window at the same
ramp voltage in the next cycle. (In order to mini-
mise hysteresis effects of the piezo element, only
transmissions on positive or negative ramps are
used.) It also defines a delay at which gas and

discharge pulse are activated, in such a way that
the plasma expansion coincides with the time
window: when a ring down event occurs it auto-
matically samples the plasma. The new resonance
defines t1 and is used to predict the next resonance
around t2, etc., effectively chasing the resonance.
To further increase the sensitivity, only every sec-
ond cycle is used to trigger gas and discharge
pulse. The plasma free ring down event (sreference) is
then used for background subtraction. This means
that with a 30 Hz periodic modulation, 15 ring
down events with plasma and 15 ring down events
without plasma are measured. The major part of
the predicted resonances is within the 300 ls time
window, but due to external instabilities the pro-
cedure might fail. In this case the data acquisition
programme checks the whole ramp, defines a new
t0 and restarts predicting the position of the next
resonance. During this short time (3 cycles) only a
few data points are lost.
The transmission after the ring-down cavity is

focused via a narrow band pass filter onto a broad
wavelength band Si-photodiode and recorded in
real-time linux using a 12 bit ADC card and a
COMEDI driver [20]. The complete decay curve is
fitted to an exponential defining s. The CRD
spectrum is obtained by recording (1=splasma � 1=
sreference) while scanning the laser. Typical ring
down times are s ¼ 27 ls. This is equivalent to
approximately 25’000 passes through the plasma
or an effective absorption pathlength of 760 m.

3. Results

In the lower trace of Fig. 4 the rotationally re-
solved origin band of the A2Pg �X2Pu electronic
transition of HC6H

þ is shown. The same transi-
tion has been studied in detail before in a liquid
nitrogen cooled hollow-cathode discharge cell ap-
plying frequency-plasma double modulation
(FPM) spectroscopy [21] and is shown for com-
parison in the upper trace of Fig. 4. At the high
ambient temperature in the cell (approximately
150–200 K) the band system is found to comprise
the two A2P3

2
�X2P3

2
and A2P1

2
�X2P1

2
subbands,

partially overlapping and separated by the differ-
ence in spin-orbit constants in ground and elec-

Fig. 1. Artist’s view of the high pressure slit nozzle discharge.

The orifice consists of two sharp stainless steel jaws (that form

the actual slit), a ceramic insulator, a slotted metal plate

(grounded) and a second ceramic insulator. Both insulators and

metal parts are mounted to the body of the nozzle using elec-

trically isolated screws. A pulsed negative high voltage is ap-

plied to the jaws via ballast resistors at the moment that a high

pressure gas pulse expands through the channel. The discharge

strikes to the grounded plate, localising the reaction zone to a

region upstream of the expansion. The body is floating and

connected to an electromagnetic driven pulsed valve. A multi-

channel system inside the nozzle regulates the gas flow towards

the slit and allows a further reduction of the Doppler broad-

ening.
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tronically excited state. Both subbands show
strong P- and R-branches, with clear red shaded
bandheads and with a weak Q-branch. The spec-
tral simplification upon jet cooling is striking: the
jet spectrum displays only one single band. It

consists of well-defined P- and R-branches and a
strong Q-branch (Fig. 4). The lower J-levels are
markedly stronger and no band head is observed.
This is consistent with the low temperature in
the supersonic jet. From the relative intensity of

I

II

III

IV

time window
Data acquisition

Cavity 
resonances

Plasma

time (ms)

Piezo ramp

0 33 66 99 132
t0 t1 t2 t3

Fig. 3. Timing and triggering scheme. (I) A 30 Hz ramp is applied to a piezo element. (II) The photo diode shows when cavity res-

onances occur. The data-acquisition programme chooses the transmission closest to the middle of the ramp, defining t0 and the ramp
voltage for which the resonance occurs. When the transmission intensity exceeds a certain threshold, the AOM is switched off and a

ring down event is induced. (III) The programme defines a 300 ls time window in which the next resonance is expected. In order to
circumvent hysteresis effects only signals on positive or negative ramps are taken. The example is shown for a positive ramp. (IV) t0 is
also used to trigger the gas and discharge pulse every second ramp. The plasma free ring down event is used for background sub-

traction.
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Fig. 2. Schematic of the experimental setup. Details are given in the text.
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subsequent J-levels a rotational temperature of the
order of 10 to 15 K is derived. The lower tem-
perature favours the population of the low-J ro-
tational levels and as the Q-line strength is highest
for low J-values the Q-branch is now much more
pronounced. The spin–orbit splitting in the ground
state is about )31 cm�1 and as a consequence only
the lower (X ¼ 3

2
) spin–orbit component is ob-

served.
The best achievable linewidth (FWHM), using a

multichannel body was 450 MHz, two to three
times smaller than possible up to now in pulsed
laser experiments. This is sufficient to obtain ro-
tational resolution for linear chains with 10 to 11
carbon atoms, as long as no lifetime broadening is
involved. However, 450 MHz is still considerably
larger than expected from the few MHz bandwidth
of the cw laser system. Assuming a Doppler-
broadened signal, this corresponds to a transla-
tional temperature of the order of 125 K. Indeed,
this is due to residual Doppler broadening in the
slit expansion, as has been observed before in
FPM experiments [22]: the use of a slower expan-
sion gas (for example Ar) reduces the achievable

linewidth proportional to the speed ratios. Clearly,
further modifications in the expansion source are
necessary to take advantage of the small band-
width of the cw laser used. A possible improve-
ment could be the use of skimmed planar
expansions but such systems have not been re-
ported in the literature yet. Furthermore, it might
well be possible that molecular ions diffuse out of
the expansion because of charge effects.
The present technique is an extension of previ-

ous work in which the same discharge source has
been used in combination with a pulsed CRD [19]
and a cw frequency-plasma double modulation
[23] detection scheme. All three techniques –
pulsed CRD, cw-CRD and FPM – have their own
advantages and disadvantages.
The pulsed CRD is particularly suited for fast

scans. A spectrum comparable to the one shown in
Fig. 4 takes less than 20 min to record, whereas the
two cw techniques need at least 1.5 h. In addition,
special boxcar integration schemes are necessary to
compensate for the low duty cycle that is typical
when combining a cw detection with a pulsed
production technique. The achievable resolution,

16654 16655 16656 16657

Cell plasma (FPM)

Jet plasma (cwCRD)

cm1

Pbranch RbranchQbranch

Fig. 4. The origin band of the A2Pg �X2Pu electronic spectrum of triacetylene cation, HC6H
þ, measured by cw CRD spectroscopy

through a supersonic pulsed planar plasma with Trot � 15 K (lower trace). The upper trace shows the corresponding cell spectrum using
frequency-plasma double modulation spectroscopy with Trot �170 K [21].
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on the other hand, is substantially higher in the cw
experiments and at this stage only limited by re-
sidual Doppler broadening in the expansion. The
CRD experiments are generally applicable,
whereas the application of the FPM experiment is
restricted to absorption lines that are not broad-
ened beyond the modulation amplitude (�400
MHz). The resulting line shape is a 1f derivative as
shown in the upper trace of Fig. 4.
The best achievable S/N ratios are comparable

for the three methods. This is achieved by noise
reduction in the FPM experiment – both laser and
plasma noise are reduced in a phase sensitive de-
tection scheme – and by signal improvement in the
CRD experiments – here the effective absorption
path length is increased.

4. Conclusion

It has been shown that cw CRD spectroscopy is
a sensitive and generally applicable method to
study rotationally cold carbon chain radicals that
are produced in a pulsed plasma expansion. The
method will be particularly useful in the study of
long species with small rotational constants. Pas-
sive mode matching is sufficient to perform the
experiments. A reduction in linewidth has been
obtained. The limiting factor turns out to be re-
sidual Doppler broadening in the expansion along
the slit.
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Abstract

The origin band of the ~BB2P3
2
 ~XX 2P3

2
electronic transition of linear C8H was recorded in a planar supersonic ex-

pansion by a cw cavity ring-down spectrometer. The C8H radical was produced using a discharge through a C2H2/He

mixture inside a pulsed slit nozzle. Despite the fact that the resolution of the spectrometer is 350 MHz, which is 3–4

times higher than the separation of rotational lines in this band, the rotational structure was not resolved. It is con-

cluded that the rotational lines are broadened by rapid radiationless transitions from the excited electronic state.

Simulations of the spectrum give an estimate of 0.8 cm�1 Lorentzian linewidth which corresponds to �7 ps lifetime in

the excited ~BB2P3
2
electronic state.

� 2003 Elsevier B.V. All rights reserved.
1. Introduction

Electronic spectra of carbon chains are espe-

cially of interest from the astrophysical point of

view. Linear hydrocarbon chains CnH play an

important role in the interstellar chemistry. They
were detected in the envelopes of evolved stars

and interstellar dark and translucent clouds by

radio astronomy [1–3]. These species were exten-

sively studied in the laboratory by microwave

[4,5] and electronic spectroscopies [6,7]. Recent
* Corresponding author. Fax: +41-61-267-38-55.

E-mail addresses: Andrei.Chirokolava@unibas.ch (A. Chi-

rokolava), J.P.Maier@unibas.ch (J.P. Maier).
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progress in experimental techniques made the

measurement of rotationally resolved absorption

spectra of electronic transitions in shorter carbon

chains possible [8–12]. The origin band of the
~BB2P ~XX 2P electronic transition of the C2nH

(n ¼ 3� 5) radicals was observed in the gas phase
using a combination of pulsed laser cavity ring-

down spectroscopy (CRDS) with the slit-nozzle

expansion of the discharge-generated species

[8,13]. Whereas, the spectrum of C6H was rota-

tionally resolved, the ones of C8H and C10H were

not. The reason was not clear. We attempted to

resolve the rotational structure in the stronger

(X ¼ 3=2) component of the ~BB2P ~XX 2P origin
band of C8H using a new cw-CRDS setup with

resolution of 350 MHz.
ed.
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2. Experimental approach

The main features of the experiment have been

described previously [12]. It is based on the passive

cavity mode locking scheme for cw-CRDS [14]. A
piezo moves back and forth one of the mirrors of

the cavity. When the cavity comes into resonance

with the laser frequency and intensity on the

photodetector behind the cavity increases to a

certain threshold, the laser beam is interrupted by

switching off the acousto-optic modulator. The

light intensity in the cavity and on the photode-

tector then decays exponentially with time. Due to
spatial filtering and mode matching of the laser

beam, only TEM00 cavity modes have significant

intensity. The timing of the valve opening and high

voltage pulse is calculated so as to coincide with

the ring-down.

A number of improvements to our previous

setup [12] have been made. (1) Before, several

signals (photodetector, pressure gauges, voltage
applied to the piezo) were recorded by the same

data acquisition card, which switched between

different channels. The switching resulted in spikes

in the ring-down signal. Now two data acquisition

cards are used, one for the ring-down signal, the

other for all other signals, so there are no spikes.

(2) The algorithm for triggering the gas and HV
Fig. 1. Relative timing of the piezo ramp voltage, cavity resonances,

trodes. (a) Ramp voltage applied to the piezo. (b) Signal on the phot
pulses has been changed. The delays for activating

the valve and discharge are measured from the first

resonance on the ascending voltage ramp (Fig. 1),

rather than from the analysed ring-down in the

last period of the triangular-wave voltage. This

algorithm is more robust and allows for larger
steps in the laser scan. Non-linear response of the

piezo element to the applied voltage results in

slightly different delays between the first and the

second resonances, depending on their positions

with respect to the voltage ramp. This leads to

the changes in relative timing of the HV pulse and

the ring-down event as the laser is scanned and the

resonances move relative to the ramp. To preserve
this relative timing, the delay between the first

resonance and the HV pulse is adjusted taking into

account piezo nonlinearity. (3) The triangular-

wave voltage for the piezo element is generated

now by the data acquisition card instead of

the stand-alone function generator. After all

these changes, the signal-to-noise ratio improved

2.5 times. The achieved sensitivity was of order
10�7–10�8 cm�1.

The carbon chain species were generated by

applying a high voltage pulse ()1000 V, 150 mA)

to a 0.2% gas mixture of acetylene in helium ex-

panding through the slit nozzle (3 cm� 200 lm)

with the backing pressure of 11 bar. The pressure
valve opening, and high voltage pulse applied to the slit elec-

odetector.
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in the vacuum chamber was 0.23 mbar. The laser

beam crossed the jet 10 mm downstream the ex-

pansion. The number density of C8H species in

this region was estimated using a theoretical os-

cillator strength (3.4� 10�3) for this electronic

transition [15]. In the 5 K neon matrix spectrum,
the integrated absorption of the origin band is

approximately equal to that of the other vibronic

bands in the ~BB2P ~XX 2P system [6]. Because only

the origin band was measured in our experiment,

the oscillator strength was reduced accordingly

and leads to an estimate of the C8H number den-

sity in the discharge plasma of 6� 108 cm�3.
3. Results and discussion

The recorded spectrum is shown in Fig. 2. The

two broad features are the P and R branches of the

origin band of the ~BB2P3
2
 ~XX 2P3

2
electronic tran-

sition of C8H. This band was first observed in 5 K

neon matrix using mass-selected deposition [6]. It
was assigned in the gas phase [13] on the basis of

the known gas phase – neon matrix shifts [16] for

similar hydrocarbon chains. This assignment was

confirmed by equal frequency shifts resulting from
Fig. 2. Experimental and simulated spectra of the origin band in the

recorded in absorption across a pulsed supersonic slit jet using a cw cav

branches of this electronic transition. The narrow peaks belong to pro

simulated spectrum is B0 ¼ 0:0195� 0.0001 cm�1, other constants are

Trot ¼ 15� 2 K, Lorentzian broadening Dmlor ¼ 0:8� 0.1 cm�1 (24 GH

to the experimental one.
deuterium substitution in the neon matrix [17] and

in the supersonic jet experiment [13].

The large narrow peaks belong to another car-

rier, propadienylidene (H2CCC). They are much

stronger in this spectrum compared to the earlier

measurement [13], because a slightly different noz-
zle design [12] has been used. The latter minimizes

Doppler broadening, but at the same time increases

the production of shorter carbon chains. Although

overlap with the features of another carrier com-

plicates the spectrum, one can see that the rota-

tional structure of C8H remains unresolved.

The distance between the lines in the P and R
branches is expected to be about 0.04 cm�1 (1.2
GHz). Our resolution, estimated by the width of the

narrowest feature (FWHM) in the spectrum, was at

least 350 MHz. It should be more than sufficient to

resolve the rotational structure of the C8H band.

One can compare this spectrum to the origin band

in the ~AA2P3
2
 ~XX 2P3

2
transition of the isoelectronic

linear tetraacetylene cation, HC8H
þ, recorded un-

der similar conditions with a laser linewidth of
�900 MHz (see Fig. 2 of [9]). There the P branch is

well resolved; the R branch is partially resolved.

The rotational level broadening in the upper
~BB2P electronic state of C8H is caused by rapid
~BB2P3
2
 ~XX 2P3

2
electronic transition of C8H. The spectrum was

ity ring-down approach. The two broad features are the P and R
padienylidene H2CCC. Upper state rotational constant for the

fixed to the ground state values [4]. Rotational temperature is

z). The simulated spectrum is slightly shifted down with respect
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radiationless transitions from this electronic state.

Nonradiative relaxation of the ~BB2P electronic state

is present in other members of the C2nH series as

well. It manifests itself as a two-component fluo-

rescence decay in C4H with excited state lifetime

estimate of 20 ns [18]. In the case of C6H [8], the
~BB2P3

2
 ~XX 2P3

2
electronic absorption spectrum is

best simulated when a Lorentzian broadening of

�0.055 cm�1 is introduced in addition to a

Gaussian linewidth of 0.037 cm�1 resulting from

the laser linewidth and Doppler broadening. This

corresponds to an excited state lifetime of order

0.1 ns.

We simulated the observed broadening in the
~BB2P3

2
 ~XX 2P3

2
origin band of C8H (Fig. 1) by

varying three parameters; upper state rotational

constant B0, rotational temperature Trot, and Lo-

rentzian linewidth Dmlor. B00 was fixed to the value

of 0.019589011 cm�1 taken from [4]. The obtained

values are B0 ¼ 0:0195� 0.0001 cm�1, Trot ¼ 15� 2

K, and Dmlor ¼ 0:8� 0.1 cm�1 (24 GHz), respec-

tively. Thus, the ratio B0=B00 for C8H is
0.995� 0.005, which is close to the value of 0.99

for isoelectronic species [9–11].

In contrast to C8H, the rotational structure is

well resolved for the corresponding ~AA2P ~XX 2P
electronic origin bands of the isoelectronic linear

cations HC8H
þ [9], HC7N

þ [10] and NC6N
þ [11].

Apparently, the presence of an additional low-lying
2Rþ excited electronic state in the C6H and C8H
radicals [15,19–21] enhances vibronic interactions

between the ~BB2P and lower electronic states and

accelerates internal conversion. This broadening

caused by intramolecular processes is one of the

reasons why carbon chains attracted attention in

connection with the diffuse interstellar bands [22].
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Abstract

Rotationally resolved electronic spectrum of the origin band in the 2A00–X 2A00 transition of a nonlinear carbon chain radical C6H
þ
4

has been recorded in the 604 nm region using cw cavity ring down spectroscopy. The radical was produced by a discharge through

an acetylene–helium mixture in a supersonic planar expansion. The rotational structure has been analysed and 1
2
ðBþ CÞ precisely

determined. A band having a-type prolate rotational structure has also been observed near 581 nm. By considering the results of

ab initio calculations this band is assigned to a transition involving the excitation of the m12 fundamental in the upper 2A00 electronic
state of the same C6H

þ
4 isomer.

� 2004 Elsevier Inc. All rights reserved.

Keywords: Nonlinear carbon chain; C6H
þ
4 ; Cavity ring down; Rotational constant
1. Introduction

High resolution spectroscopy of unsaturated carbon

chain radicals is interesting from the viewpoint of in-

terstellar hydrocarbon chemistry as well as terrestrial

discharges and flames. Electronic transitions of the
chain species HCnH

þ n ¼ 4; 6; 8; 10 [1–4] and CnH [5]

with an even number of carbons have been studied so

far. Recently, a nonlinear planar carbon chain radical

C6H
þ
4 , HACBCACBCACH@CHþ

2 (hereafter ‘‘C6H
þ
4 ’’

indicates this structural isomer, Fig. 1), was detected in a

supersonic planar discharge by cavity ring down (CRD)

spectroscopy in the 604 nm region [6]. The related C4H
þ
4

and C8H
þ
4 nonlinear carbon chains were also produced

and detected in this plasma [7].

Hydrogenated nonlinear chains can exist in dark in-

terstellar clouds as well as the linear ones, e.g., column

densities of C2O, H2CCO, and CH3CHO are of the

same order of magnitude in the TMC-1 dark cloud [8].
* Corresponding author. Fax: +41-61-267-38-55.

E-mail address: mitsunori.araki@unibas.ch (M. Araki).
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Therefore, long nonlinear carbon chains having an

asymmetric top structure may be present in such clouds

with comparable abundance. However, they have not

yet been detected by radioastronomy because their pure

rotational transitions are too weak compared to those of

linear carbon chains. If a sufficiently long integration in
the radio observations could be carried out based on an

accurate rest frequency, identification may prove possi-

ble in the future. Thus laboratory measurements of the

pure rotational transitions are necessary, and in turn

this requires reasonable a priori knowledge of the

ground state rotational constants. A rotationally re-

solved electronic spectrum can produce such constants

both in the ground and excited states. For this reason
the 2A00–X 2A00 origin band of C6H

þ
4 (Fig. 1) was recorded

using high-resolution cw-CRD spectroscopy as part of

this work. Additionally, an unassigned 585.3 nm ab-

sorption band, produced by a molecule having the same

mass as C6H
þ
4 , was observed in a 6K neon-matrix [6].

To identify the carrier, this frequency region was scan-

ned in the gas phase using cw-CRD spectroscopy, and a

rotationally resolved band was observed at 581 nm.

mail to: mitsunori.araki@unibas.ch


Fig. 1. Geometry of the observed isomer of C6H
þ
4 .
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2. Experimental details

The experimental set-up has been described elsewhere

[9]. It consists of a cw-CRD spectrometer sampling a

supersonic planar plasma. The plasma was generated

by a discharge through a gas pulse ()500V, 60Hz

repetition rate) of 0.2% acetylene in helium gas mixture
with a backing pressure of 10 bar in the throat of a

3 cm� 200 lm multilayer slit nozzle. Rotational tem-

peratures of the order 15–40K are routinely obtained.

The nozzle was mounted in an optical cavity where the

expansion was intersected�7mm downstream by a laser.

The light of a single mode ring dye laser, pumped by a

6W solid state laser, was guided through an acousto-

optical modulator (AOM). The first order deflection was
focused into the ring down cavity via a lens that matches

the TEM00 mode, where it crossed the planar plasma
Fig. 2. The rotationally resolved electronic absorption spectra of the origin b

structure at 20K.
expansion. The CRD mirrors (1m plano-concave,
R > 99:995%) were mounted in a mechanically stable

holder separated by a distance of 32 cm. One was moun-

ted on a piezo-element to which a period (60Hz) trian-

gular shaped voltage was applied. A strong transmission

occurs only when the cavity and laser light are mode

matched [10]. A resonance results in a maximum of

transmitted light intensity after the cavity and is moni-

tored via a Si-photodiode using a data acquisition system.
When the intensity reaches a certain threshold a trigger

signal is generated that switches off the AOM; the laser

beam is interrupted and a ring down event initiated. The

light leaking out of the cavity was recorded and the decay

curve fitted to an exponential. The absorption spectrum

was plotted as a function of the ring-down time s. The
observed spectrum was calibrated by recording simulta-

neously I2 absorption in a cell. Although the resolution of
the ring dye laser was 500 kHz, the spectra of C6H

þ
4

measured show a line width of 0.01 cm�1. This is due to

Doppler broadening in the planar discharge as well as

lifetime shortening in the excited electronic state ofC6H
þ
4 .
3. Results and discussion

3.1. Origin band

The 604 nm origin band in the 2A00–X 2A00 electronic
transition of C6H

þ
4 was observed previously at
and in the 2A00–X 2A00 transition for C6H
þ
4 and the simulated rotational



Table 1

The observed and fitted rovibronic lines for the origin band in the 2A00–
X 2A00 electronic transition of C6H

þ
4

NKaKc mobs (cm�1) mcalc (cm�1) o) c (cm�1)

30 3–20 2 16545.2258 16545.2258 0.0000

21 1–11 0 16545.2242 0.0016

21 2–11 1 16545.2219 0.0039

40 4–30 3 16545.3036 16545.3053 )0.0017
31 3–21 2 16545.3039 )0.0003
31 2–21 1 16545.3073 )0.0037

41 4–31 3 16545.3842 16545.3828 0.0014

41 3–31 2 16545.3874 )0.0032
50 5–40 4 16545.3817 0.0025

60 6–50 5 16545.4574 16545.4550 0.0024

51 5–41 4 16545.4587 )0.0013
51 4–41 3 16545.4643 )0.0069

70 7–60 6 16545.5295 16545.5252 0.0043

61 6–51 5 16545.5314 )0.0019
61 5–51 4 16545.5382 )0.0087

80 8–70 7 16545.6028 16545.5924 0.0104

71 7–61 6 16545.6011 0.0017

71 6–61 5 16545.6090 )0.0062

90 9–80 8 16545.6582 16545.6564 0.0018

81 8–71 7 16545.6711 16545.6677 0.0034

81 7–71 6 16545.6767 )0.0056

100 10–90 9 16545.7138 16545.7174 )0.0036

91 9–81 8 16545.7319 16545.7312 0.0007

91 8–81 7 16545.7414 )0.0095

110 11–100 10 16545.7761 16545.7753 0.0008

62 5–52 4 16545.7743 0.0018

101 10–91 9 16545.7920 16545.7916 0.0004a

101 9–91 8 16545.8029 )0.0109a

120 12–110 11 16545.8344 16545.8300 0.0044

111 11–101 10 16545.8547 16545.8489 0.0058a

111 10–101 9 16545.8614 )0.0067a

72 5–62 4 16545.8446 0.0101

130 13–120 12 16545.8836 16545.8817 0.0019

121 12–111 11 16545.9120 16545.9032 0.0088a

121 11–111 10 16545.9168 )0.0048a

82 7–72 6 16545.9117 0.0003

140 14–130 13 16545.9277 16545.9303 )0.0026

131 13–121 12 16545.9710 16545.9544 0.0166a

131 12–121 11 16545.9691 0.0019a

150 15–140 14 16545.9759 )0.0049
92 7–82 6 16545.9758 )0.0048

141 14–131 13 16546.0147 16546.0024 0.0123a

141 13–131 12 16546.0183 )0.0036a

160 16–150 15 16546.0183 )0.0036

170 17–160 16 16546.0564 16546.0576 )0.0012
151 15–141 14 16546.0474 0.0090a

151 14–141 13 16546.0644 )0.0080a

161 16–151 15 16546.0966 16546.0893 0.0073a

161 15–151 14 16546.1074 )0.0108a

180 18–170 17 16546.0939 0.0027

Table 1 (continued)

NKaKc mobs (cm�1) mcalc (cm�1) o) c (cm�1)

112 10–102 9 16546.0946 0.0020

280 28–270 27 16546.3000 16546.2865 0.0135

310 31–300 30 16546.2840 0.0160

290 29–280 28 16546.2887 0.0113

300 30–290 29 16546.2879 0.0121

281 28–271 27 16546.3414 16546.3516 )0.0102
311 31–301 30 16546.3478 )0.0064
291 29–281 28 16546.3534 )0.0120
301 30–291 29 16546.3521 )0.0107

321 31–311 30 16546.3800 16546.3765 0.0035

281 27–271 26 16546.3833 )0.0033
311 30–301 29 16546.3828 )0.0028
291 28–281 27 16546.3862 )0.0062
301 29–291 28 16546.3860 )0.0060

192 18–182 17 16546.4475 16546.4468 0.0007

192 17–182 16 16546.4474 0.0001

202 19–192 18 16546.4820 16546.4769 0.0051

202 18–192 17 16546.4776 0.0044

212 20–202 19 16546.5067 16546.5040 0.0027

212 19–202 18 16546.5048 0.0019

282 27–272 26 16546.6072 16546.6070 0.0002

282 26–272 25 16546.6086 )0.0014
312 30–302 29 16546.6049 0.0023

312 29–302 28 16546.6068 0.0004

292 28–282 27 16546.6094 )0.0022
292 27–282 26 16546.6111 )0.0039
302 29–292 28 16546.6087 )0.0015
302 28–292 27 16546.6105 )0.0033

283 26–273 25 16547.0091 16547.0065 0.0026

283 25–273 24 16547.0066 0.0025

313 29–303 28 16547.0045 0.0046

313 28–303 27 16547.0045 0.0046

293 26–283 25 16547.0090 0.0001

293 27–283 26 16547.0089 0.0002

303 27–293 26 16547.0083 0.0008

303 28–293 27 16547.0083 0.0008

284 25–274 24 16547.5636 16547.5652 )0.0016
284 24–274 23 16547.5652 )0.0016
314 27–304 26 16547.5631 0.0005

314 28–304 27 16547.5631 0.0005

294 26–284 25 16547.5676 )0.0040
294 25–284 24 16547.5676 )0.0040
304 26–294 25 16547.5669 )0.0033
304 27–294 26 16547.5669 )0.0033

95 4–85 3 16547.6546 16547.6519 0.0027

95 5–85 4 16547.6519 0.0027

105 6–95 5 16547.7158 16547.7129 0.0029

105 5–95 4 16547.7129 0.0029

115 6–105 5 16547.7693 16547.7708 )0.0015
115 7–105 6 16547.7708 )0.0015

125 8–115 7 16547.8258 16547.8256 0.0002

125 7–115 6 16547.8256 0.0002

135 9–125 8 16547.8789 16547.8774 0.0015

135 8–125 7 16547.8774 0.0015

145 10–135 9 16547.9262 16547.9260 0.0002
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Table 1 (continued)

NKaKc mobs (cm�1) mcalc (cm�1) o) c (cm�1)

145 9–135 8 16547.9260 0.0002

155 10–145 9 16547.9713 16547.9716 )0.0003
155 11–145 10 16547.9716 )0.0003

165 11–155 10 16548.0097 16548.0141 )0.0044
165 12–155 11 16548.0141 )0.0044

285 24–275 23 16548.2844 16548.2835 0.0009

285 23–275 22 16548.2835 0.0009

315 27–305 26 16548.2814 0.0030

315 26–305 25 16548.2814 0.0030

295 24–285 23 16548.2859 )0.0015
295 25–285 24 16548.2859 )0.0015
305 25–295 24 16548.2852 )0.0008
305 26–295 25 16548.2852 )0.0008

aWeight is 0.1 in the least-squares fit.
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0.15 cm�1 resolution [6]. In order to determine more

accurate rotational constants, the R-branch region of

this band, which includes a lot of unblended lines, was

re-measured using a resolution of 0.01 cm�1. More than

40 rotational lines were recorded and the observed

spectrum is shown in Fig. 2 (lower trace). The assign-
ment is based on the constants given in [6]. The analysis

was carried out using a conventional Hamiltonian for an

asymmetric top molecule where the energy levels were

calculated by direct numerical diagonalisation of Ham-

iltonian matrices and molecular parameters were deter-

mined by a least-squares fit to the observed line

frequencies. The ground-state rotational constant A00

was fixed to the value deduced in [6], because it could
not be determined from the observed a-type transitions.
The rotational constant differences between the ground
Table 2

Molecular constants for C6H
þ
4 and C6D

þ
4 (cm�1)a

C6H
þ
4

604 nm 581 nm

Ground

state X 2A00
A00 1.24c 1.24c

B00 0.046481(149) 0.046608(193)

C00 0.045349(145) 0.045378(193)
1
2
ðB00 þ C00Þ 0.045915(147) 0.045993(193)

Excited

state 2A00
Origin DA 0.078274(50)

v ¼ 0 D1
2
ðBþ CÞ )0.0014519(72)

T00 16544.96879(196)d

m12 ¼ 1 DA 0.07602(82)

D1
2
ðBþ CÞ )0.0014613(151)

T10 17213.7228(22)d

m 668.7540(42)

rms 0.0046 0.0043

aValues in parentheses denote the standard deviation and apply to the la
bCalculated with CASSCF/cc-pVTZ.
c Fixed to the value of [6].
d The error is from the least-squares fitting, and uncertainty of the calibr
and excited state, DB and DC, which cannot be com-
puted independently from the present data, were as-

sumed to be equal. The measured line frequencies and

their assignments are given in Table 1, and the constants

inferred in Table 2. A rotational-profile simulation

program WANG [11] reproduced well the observed

spectrum as shown in Fig. 2 (upper trace).

Asymmetry of a near prolate top molecule can be

expressed by B� C, which is obtained mainly from the
asymmetry splitting of a Ka ¼ 1 series in the R-branch.
However, this separation was not resolved for the

transitions having J 6 15. Both components were as-

signed to one line: for instance the JKaKc ¼ 161 16–151 15

and 161 15–151 14 transitions were assigned to the

16546.0966 cm�1 peak (Table 1). Thus, the difference

B� C will be underestimated by the least-squares fit and

the obtained value (¼ 0.0011 cm�1) is smaller than that
obtained from an ab initio calculation (CASSCF/cc-

pVTZ, 0.0016 cm�1). An average, 1
2
ðBþ CÞ, of the two

constants was determined accurately from the present

data and agrees well with the previous report [6] but

with increased accuracy. Frequencies of the pure rota-

tional transitions in the millimetre region can be ade-

quately predicted by the rotational constant 1
2
ðBþ CÞ:

for example the a-type J ¼ 7–6 transition is at
19 271MHz with an 1r error of 62MHz, excluding the

effect of spin-rotation constants.

3.2. Vibrationally excited band

An absorption band observed at 585.3 (584.7) nm

following mass-selection of C6H
þ
4 (C6D

þ
4 ) in a 6K neon

matrix was assumed to belong to another isomer of
C6H

þ
4 because of difference in the band profile compared
C6D
þ
4

Ref. [6] Calc.b 581 nm Ref. [6] Calc.b

1.24 1.271 0.89c 0.89 0.923

0.0467 0.0466 0.04281(97) 0.0416 0.0415

0.0449 0.0450 0.04061(97) 0.0400 0.0397

0.04171(97)

0.0767 0.080 0.0450 0.047

)0.0015 )0.0011 )0.0013 )0.010
16544.980 16611.91

0.04665(63)

)0.001444(79)
17218.1664(118)d

606.26

0.0066

st digits of the constants.

ation is 0.007 cm�1.



Fig. 3. The rotationally resolved electronic absorption spectra of the 581 nm band in the 2A00 (m12 ¼ 1)–X 2A00 (v ¼ 0) transition for C6H
þ
4 and the

simulated rotational structure at 20K.

Fig. 4. The rotationally resolved electronic absorption spectra of the 581 nm band in the 2A00 (m12 ¼ 1)–X 2A00 (v ¼ 0) transition for C6D
þ
4 and the

simulated rotational structure at 20K.
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Table 3

The observed and fitted rovibronic lines in the 581 nm band of the 2A00–
X 2A00 electronic transition of C6H

þ
4

NKaKc mobs (cm�1) mcalc (cm�1) o) c (cm�1)

11 1–21 2 17213.6180 17213.6146 0.0034

11 0–21 1 17213.6122 0.0058

10 1–20 2 17213.5417 17213.5359 0.0058

21 2–31 3 17213.5145 17213.5174 )0.0029
21 1–31 2 17213.5137 0.0008

20 2–30 3 17213.4377 17213.4381 )0.0004

31 3–41 4 17213.4146 17213.4173 )0.0027
31 2–41 3 17213.4124 0.0022

30 3–40 4 17213.3325 17213.3373 )0.0048

41 4–51 5 17213.3143 17213.3142 0.0001

41 3–51 4 17213.3081 0.0062

40 4–50 5 17213.2231 17213.2337 )0.0106

51 5–61 6 17213.2065 17213.2082 )0.0017
51 4–61 5 17213.2009 0.0056

72 6–82 7 17213.1985 17213.2150 )0.0165a

72 5–82 6 17213.2149 )0.0164a

50 5–60 6 17213.1221 17213.1271 )0.0050

61 6–71 7 17213.1054 17213.0993 0.0061a

61 5–71 6 17213.0907 0.0147a

60 6–70 7 17213.0125 17213.0176 )0.0051

71 7–81 8 17212.9911 17212.9875 0.0036a

71 6–81 7 17212.9777 0.0134a

92 8–102 9 17212.9621 17212.9814 )0.0193a

92 7–102 8 17212.9812 )0.0191a

70 7–80 8 17212.9060 17212.9052 0.0008

81 8–91 9 17212.8756 17212.8728 0.0028a

81 7–91 8 17212.8617 0.0139a

102 9–112 10 17212.8433 17212.8602 )0.0169a

102 8–112 9 17212.8599 )0.0166a

80 8–90 9 17212.7846 17212.7899 )0.0053

91 9–101 10 17212.7541 17212.7551 )0.0010a

91 8–101 9 17212.7428 0.0113a

112 10–122 11 17212.7300 17212.7361 )0.0061a

112 9–122 10 17212.7357 )0.0057a

90 9–100 10 17212.6697 17212.6716 )0.0019

101 10–111 11 17212.6331 17212.6345 )0.0014a

101 9–111 10 17212.6210 0.0121a

100 10–110 11 17212.5477 17212.5505 )0.0028

111 11–121 12 17212.5089 17212.5110 )0.0021a

111 10–121 11 17212.4963 0.0126a

110 11–120 12 17212.4235 17212.4264 )0.0029

121 12–131 13 17212.3802 17212.3846 )0.0044a

121 11–131 12 17212.3686 0.0116a

142 13–152 14 17212.3397 17212.3462 )0.0065a

142 12–152 13 17212.3455 )0.0058a

Table 3 (continued)

NKaKc mobs (cm�1) mcalc (cm�1) o) c (cm�1)

120 12–130 13 17212.2984 17212.2994 )0.0010
131 13–141 14 17212.2566 17212.2553 0.0013

131 12–141 13 17212.2470 17212.2381 0.0089

152 14–162 15 17212.2008 17212.2104 )0.0096a

152 13–162 14 17212.2096 )0.0088a

130 13–140 14 17212.1697 17212.1696 0.0001

141 14–151 15 17212.1219 17212.1230 )0.0011
141 13–151 14 17212.1096 17212.1046 0.0050

162 15–172 16 17212.0632 17212.0717 )0.0085a

162 14–172 15 17212.0707 )0.0075a

140 14–150 15 17212.0346 17212.0368 )0.0022
151 15–161 16 17211.9886 17211.9878 0.0008

151 14–161 15 17211.9743 17211.9682 0.0061

150 15–160 16 17211.9021 17211.9011 0.0010

161 16–171 17 17211.8504 17211.8498 0.0006

161 15–171 16 17211.8386 17211.8289 0.0097

160 16–170 17 17211.7627 17211.7625 0.0002

171 17–181 18 17211.7087 17211.7087 0.0000

171 16–181 17 17211.6902 17211.6866 0.0036

170 17–180 18 17211.6224 17211.6211 0.0013

181 18–191 19 17211.5661 17211.5648 0.0013

181 17–191 18 17211.5447 17211.5415 0.0032

180 18–190 19 17211.4766 17211.4767 )0.0001
191 19–201 20 17211.4184 17211.4180 0.0004

191 18–201 19 17211.3938 17211.3934 0.0004

190 19–200 20 17211.3261 17211.3294 )0.0033
201 20–211 21 17211.2709 17211.2682 0.0027

201 19–211 20 17211.2411 17211.2424 )0.0013
200 20–210 21 17211.1662 17211.1793 )0.0131
211 21–221 22 17211.1169 17211.1156 0.0013

211 20–221 21 17211.0842 17211.0885 )0.0043
210 21–220 22 17211.0265 17211.0262 0.0003

221 22–231 23 17210.9655 17210.9600 0.0055

221 21–231 22 17210.9274 17210.9317 )0.0043
231 23–241 24 17210.8091 17210.8015 0.0076

231 22–241 23 17210.7638 17210.7720 )0.0082
aWeight is 0.1 in the least-squares fit.
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to the origin band [6]. In order to identify the carrier this

wavelength region was scanned with both normal and

deuterated precursors using the cw-CRD spectrometer.

As a result rotationally resolved bands were observed in

the 581 nm region (Figs. 3 and 4). However a complete

reproduction of the rotational structure did not prove

possible using an asymmetric-top Hamiltonian as for the

604 nm band. The spectrum could only be analysed for
Ka ¼ 0, 1, 2 transitions in the P -branch. The assignments

are given in Tables 3 and 4 and the molecular constants

in Table 2. The observed turning points in the R-branch
could not be reproduced by the simulations. This may

be caused by Fermi and Coriolis interactions [12].

It was considered if the 581 nm band could be the

origin of another isomer of C6H
þ
4 . In this case the shift

of the transition energy for the fully deuterated species
should be approximately equal to that of C6H

þ
4 /C6D

þ
4

(66.94 cm�1). However, the shift observed on deutera-



Table 4

The observed and fitted rovibronic lines in the 581 nm band of the 2A00–
X 2A00 electronic transition of C6D

þ
4

NKaKc mobs (cm�1) mcalc (cm�1) o) c (cm�1)

50 5–60 6 17217.6289 17217.6227 0.0062

72 6–82 7 17217.6012 17217.6105 )0.0093
72 5–82 6 17217.6101 )0.0089

61 6–71 7 17217.5804 17217.5777 0.0027

61 5–71 6 17217.5704 17217.5622 0.0082

60 6–70 7 17217.5229 17217.5221 0.0008

82 7–92 8 17217.5012 17217.5040 )0.0028
82 6–92 7 17217.5035 )0.0023

71 7–81 8 17217.4743 17217.4752 )0.0009
71 6–81 7 17217.4573 17217.4575 )0.0002
70 7–80 8 17217.4177 17217.4186 )0.0009

92 8–102 9 17217.3932 17217.3947 )0.0015
92 7–102 8 17217.3939 )0.0007

81 8–91 9 17217.3637 17217.3698 )0.0061
81 7–91 8 17217.3568 17217.3499 0.0069

80 8–90 9 17217.3155 17217.3122 0.0033

102 9–112 10 17217.2811 17217.2824 )0.0013
102 8–112 9 17217.2814 )0.0003

91 9–101 10 17217.2508 17217.2616 )0.0108
91 8–101 9 17217.2446 17217.2395 0.0051

90 9–100 10 17217.2070 17217.2031 0.0039

112 10–122 11 17217.1656 17217.1673 )0.0017
112 9–122 10 17217.1659 )0.0003

101 10–111 11 17217.1394 17217.1505 )0.0111
101 9–111 10 17217.1301 17217.1262 0.0039

100 10–110 11 17217.0959 17217.0910 0.0049

122 11–132 12 17217.0495 17217.0493 0.0002

122 10–132 11 17217.0475 0.0020

111 11–121 12 17217.0262 17217.0365 )0.0103
111 10–121 11 17217.0119 17217.0100 0.0019

110 11–120 12 17216.9824 17216.9762 0.0062

132 12–142 13 17216.9322 17216.9284 0.0038

132 11–142 12 17216.9261 0.0061

121 12–131 13 17216.9111 17216.9196 )0.0085
121 11–131 12 17216.8965 17216.8909 0.0056

120 12–130 13 17216.8681 17216.8585 0.0096

142 13–152 14 17216.8123 17216.8047 0.0076

142 12–152 13 17216.8018 0.0105

131 13–141 14 17216.7907 17216.7999 )0.0092
131 12–141 13 17216.7641 17216.7689 )0.0048
130 13–140 14 17216.7486 17216.7380 0.0106

152 14–162 15 17216.6837 17216.6780 0.0057

152 13–162 14 17216.6746 0.0091

141 14–151 15 17216.6710 17216.6772 )0.0062
141 13–151 14 17216.6343 17216.6441 )0.0098
151 15–161 16 17216.5553 17216.5518 0.0035

151 14–161 15 17216.5064 17216.5165 )0.0101
161 16–171 17 17216.4264 17216.4234 0.0030

161 15–171 16 17216.3762 17216.3860 )0.0098
171 17–181 18 17216.2965 17216.2922 0.0043

171 16–181 17 17216.2466 17216.2526 )0.0060
181 18–191 19 17216.1634 17216.1582 0.0052

181 17–191 18 17216.1083 17216.1163 )0.0080
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tion is only 4.4 cm�1, and thus excludes this possibility.
Rather, these results suggest that this band is a transi-

tion to a vibrationally excited level of a C6H
þ
4 isomer.

The rotational constants of a trans-HACBCACH@
CHACBCHþ isomer, which could be a candidate due to

similarity of the structure with that of the 604 nm band,

were calculated to be A ¼ 1:451, B ¼ 0:0489, and

C ¼ 0:0473 cm�1 (B3LYP/cc-pVTZ Gaussian 03 [13]).

These are not in agreement with the deduced constants
(Table 2). On the other hand, the B and C constants

inferred for the ground state agree within the errors of

the fit to those from the analysis of 604 nm band (Table

1). Therefore the 581 nm band is assigned to a transition

from the ground state to vibrationally excited level of

C6H
þ
4 of the 2A00–X 2A00 system.

The 585.3 nm peak in the matrix spectrum (Fig. 4 in

[6]) is thus an overlap of the transition observed at
581 nm in the gas phase and that of another isomer,

because the site structure is not the same as on the origin

band (at 609 nm in neon). This isomer was not detected

in the present work presumably because the discharge

sources used in the two experiments are quite different.

3.3. Ab initio calculations

To assign the vibration excited in the upper electronic

state ab initio calculations were carried out using

MOLPRO [14]. At first the adiabatic transition

energies of the 2A00–X 2A00 transition of C6H
þ
4

(HACBCACBCACH@CHþ
2 ), using optimised geome-

try, were computed to be 2.18 and 1.95 eV using

CASSCF [15,16] and RS2C (CASPT2) [17,18] method,

respectively, with the cc-pVTZ basis sets. The calculated
values are in good agreement with the experiment,

2.05 eV. Subsequently the vibrational frequencies of the

normal modes [19] of C6H
þ
4 and C6D

þ
4 in the 2A00 excited

state were calculated using a simpler CASSCF method

(Table 5). All 10 p orbitals of the molecule were included

in the active space: 6a00 and 4a0. The core orbitals were

kept uncorrelated. Assignment of the vibrations of the

ground state, the excited state and the deuterated species
was based on Duschinsky matrices.

To assign the vibrational excitation associated with

the 581 nm band, both the frequency and their ratio for

C6H
þ
4 and C6D

þ
4 were used as indicated in Fig. 5. The

electronic transitions observed in the absorption spec-

trum in a neon matrix, 600 (599) and 591 (590) nm in

C6H
þ
4 (C6D

þ
4 ) [6], and the 581 nm band observed in the

gas phase also plotted in the same figure. The vibra-
tional mode excited in the upper state should have a0

symmetry due to the selection rules for 2A00–X 2A00 tran-
sition. The position of the 581 nm band implies a vi-

brational frequency of 668.8 cm�1 and agrees with the

value 713.6 cm�1 calculated for the in-plane bending

mode. The two bands observed in the matrix, which

correspond to 232 and 494 cm�1 frequencies, are also in



Table 5

Calculated and observed vibrational frequencies (cm�1) in the ground X 2A00 and excited 2A00 state of C6H
þ
4 and C6D

þ
4
a

Mode Symmetry C6H
þ
4 C6D

þ
4

X 2A00 2A00 X 2A00 2A00

xCal: Intensityb mObs: xCalc: xCal: Intensityb mObs: xCalc:

17 a0 98 0.0 97 90 0.0 90

24 a00 136 0.0 131 122 0.0 118

16 a0 219 0.1 232.3c 222 207 0.2 213.6c 211

23 a00 304 0.0 349 271 0.0 300

15 a0 434 0.1 430 423 0.3 424

22 a00 489 0.4 457 434 0.2 429

14 a0 503 2.1 493.7c 496 471 1.4 468.1c 464

21 a00 621 0.0 548 564 0.1 480

13 a0 631 2.2 591 490 1.0 451

20 a00 709 1.5 486 557 0.9 373

12 a0 731 2.2 668.8 714 667 2.9 606.3 653

19 a00 1000 1.6 933 770 0.7 718

11 a0 1111 1.1 1058 892 0.4 863

18 a00 1165 0.6 1007 954 0.1 853

10d a0 1311 3.9 1273 1125 1.2 1107

9 a0 1361 11.9 1222 1077 1.3 1055

8d a0 1566 11.3 1533 1526 36.7 1390

7d a0 1648 17.8 1612 1323 5.8 1236

6 a0 2119 33.7 1989 2013 48.0 1935

5 a0 2258 100.0 2208 2250 100.0 2177

4 a0 3313 1.0 3320 2409 1.3 2407

3 a0 3339 0.5 3337 2471 1.8 2465

2 a0 3429 0.6 3443 2559 0.2 2570

1 a0 3575 4.4 3558 2741 1.6 2699

aUsing CASSCF/cc-pVTZ.
bRelative infrared intensity.
cNeon-matrix date in [6].
d The three modes are mixed.

Fig. 5. The calculated frequencies and their ratios x(C6H
þ
4 )/x(C6D

þ
4 )

assuming a harmonic potential in the upper 2A00 state. The observed

values are m(C6H
þ
4 )/m(C6D

þ
4 ). ‘‘j’’ indicates an observed value in gas

phase, ‘‘d’’ in neon-matrix, ‘‘�’’ calculated ones with a0 symmetry and

‘‘s’’ calculated ones with a00 symmetry. The numbers attached in the

calculated values indicate the vibrational modes as listed in Table 5.
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accord with the 222 and 496 cm�1 calculated values and

their ratio. Therefore the 600 and 591 nm bands in the

matrix and the 581 nm one in the gas phase can be as-

signed transitions from the lowest level in the ground
state to the upper electronic state involving the excita-

tion of the m16, m14, and m12 vibrational modes, respec-

tively. Additionally, the calculation indicates that

several overtones and combination bands can be found

around the m12 vibrational level: m14 þ m16 (718 cm�1),

m13 þ m17 (689), 2m23 (698), and m21 þ m24 (679) with a0

symmetry and m16 þ m22 (679) and m16 þ m20 (708) with a00

symmetry. The observed irregular rotational structure of
the 581 nm band may be due to Fermi and Coriolis in-

teractions among such adjacent vibrational levels.

Vibrational frequencies, infrared intensities (Table 5)

and a permanent dipole moment in the ground state

were also calculated using the same method and basis

set. This may help in the search for the vibrational

transitions in the infrared region. The permanent dipole

moment in the ground state was calculated to be
la ¼ 0:63 and lb ¼ 0:38D. Thus in the pure rotational

spectrum the a-type transition should be 2.8 times

stronger than the b-type one and suggests that the de-

tection of C6H
þ
4 is possible.
4. Summary

The electronic absorption spectrum of the 2A00–X 2A00

origin band of the nonlinear carbon chain radical C6H
þ
4
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was rotationally resolved by cw-CRD spectroscopy. It
was analysed using a least-squares method, and the ro-

tational constants of the ground and excited states were

determined accurately. The 581 nm band observed under

the same discharge conditions is assigned to the same

electronic transition of C6H
þ
4 but involving the excita-

tion of the m12 vibrational mode in the upper state based

on comparison with ab inito results. The presented data

provide a basis for future observations of the C6H
þ
4

radical in both millimetre and infrared regions.
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