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A sensitive and generally applicable technique for direct absorption spectroscopy on electronic
transitions of transient species in the gas phase is presented. The method is based on cavity ring
down spectroscopy in a pulsed slit nozzle, incorporating a discharge in a high pressure supersonic
expansion. The performance is demonstrated with spectra ofgtlcneig]n band of the’TTI«— X211
electronic transition of the isoelectronic linear carbon chain radicghs ahd GH, . Rotationally
resolved and rotationally cold spectrd (<15 K) have been obtained. The sensitivity of the
technique is demonstrated for anions with a detection limit as low &<I0molecules cm? for
rovibrational transitions of th&?X [ X3 system. ©1999 American Institute of Physics.
[S0034-67489)01002-3

I. INTRODUCTION provide a Doppler free environment and combine high mo-
. . . lecular densities and relatively large absorption pathlengths
Tr_an3|ent moleculgs, as ra(_jlcals and ions, belong to t.hﬁlith an effective adiabatical cooling. In addition the density
chemically most reac'Flve species. They .play a key role "n the expansion falls off linearly with the distance down-
many processes, varying from atmospheric and interstellar tgtream whereas in pinhole expansions this is quadratically
combustion and biochemistry. This high reactivity, however’Conset’quentIy, the number of cooling collisions in slit jet '

also complicates systematic spectroscopic studies, as it IS . ; . :

expansions is larger than in any of the other geometries,

hard to generate large abundances under laboratory con- . : .

o which also explains that slit nozzles have been successfully

trolled conditions. In the past several methods have been

. : Lo used to study numerous weakly bound molecular complexes.

developed to circumvent this problem. The initial direct ab_It is a logical continuation to combine slit nozzle and plasma
sorption experiments in the microwave and infrared mainly hni 9 in order t hieve absolute radical nd?n den
used electrical discharges in long and cryogenically coole -chniques n order o achieve absolute radical and loh de
sities equivalent to or higher than in long-pass cell geom-

cells!® Uniform plasmas with high molecular densities > " . .
P g etries. However, this has long been hindered by the lack of a

were obtained in hollow cathode geometties magnetically
enhanced negative glow discharges.both cases, the larger method that generates a stable plasma over the total length of
’ In recent years four different methods have been

part of the discharge consists of a negative glow. Velocity"¢ SHt
modulation in the positive column of a normal dischargepr()pos‘e_d to solvg the problem. ) )
further increased the detection limit of molecular ions and it~ EX¢imer ablatiorof a carbon rod in the throat of the slit
simultaneously offered an experimental way for distinguish-"@S been used for the high resolution llerared_ study of long
ing the spectra of neutral and charged spetigéhough  Neutral carbon chain radical$pup to Gs.™ In & similar way
these cell techniques form effective methods for the producPhotolysis of precursor ‘gases has yielded spectra of jet
tion of radicals and molecular ions, the spectroscopy genecooled radicals>1® Most of the efforts in recent years has
ally suffers from high rovibrational temperatures and Dop-P€€n put in the development of an appropridiecharge
pler limited resolution. Under these conditions spectra ofd€0metry:’~*°Radicals as Niiwere observed with tunable
even simple systems can become rather congested, whereéi@de laser spectroscopy in a continuous discharge across
on the other hand single spectral lines may hide fine or hysharp jaws defining the orificé. A multiple electrode ver-
perfine splittings. The high temperatures furthermore desion of the single pin desigrhas been used to generate a
crease the quantum state population density, which affectontinuous plasma for direct absorption spectroscopy of mo-
the overall sensitivity of the experiment. lecular ions in the far infraretf Rotationally cold infrared
These disadvantages can be overcome by combining sgpectra of H , N,H™, and O™ have been measured with a
personic expansion and plasma techniques. The first attempentinuous hollow cathode desighThe signal-to-noise ra-
in this direction was reported in 1983 and describes a tios for these ions were improved substantially by changing
single pin discharge via a continuous gas flow through &0 a cw expansion excited by a single corona pin behind the
small circular nozzle. The source was used successfully foslit nozzle?* Especially, in the past few years considerable
several emission and laser-induced fluorescence studies gnogress has been achieved with pulsed supersonic discharge
rotationally cold radical$,but for direct absorption spectro- plasmas??* Several groups have reported discharge and
scopic techniques the effective pathlength turned out to benodulation schemes, effectively compensating for the low
too small. This necessitated the introduction of largerduty cycles, allowing direct absorption spectroscopic studies
systems® which resulted in the use of slit nozzIEs'?These  of unstable species in the microwateinfrared® and vis-
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FIG. 1. Schematic diagram of the experimental setup.

V

ible part® of the electromagnetic spectrum. Finally, low en- fluorescenceLIF). In two recent review articlé4*® more

ergetic supersonically cooled plasmas have been obtained lapplications of CRDS are discussed. Its present limitation is

combining a slit nozzle expansion withlectron impact mainly caused by the availability of suitable highly reflective

ionization?” With this technique the first direct measurementmirrors.

in the infrared of weakly bound ionic complexes became In this contribution a cavity ring down setup is described

possible’®?°as well as a detailed spectroscopic characterizafor the study of electronic transitions of unstable species that

tion of the linear and centrosymmetrig; Non 303 are generated in an adiabatically cooled slit nozzle plasma.
In this experiment a pulsed slit nozzle discharge is comThe operation of the system is demonstrated with results on

bined with cavity ring down spectroscopfCRDS. The  positively charged, neutral, and negatively charged carbon

source is mounted in a stable optical resonator that is formedhain radicals.

by two highly reflective plano concave mirrotseflectivity

>99.99%, f=100 cn). A small fraction of laser light is

coupled into the cavity and the rate of light leaking out of the|; expERIMENT

cavity is characterized with the ring down signal. This signal

has an envelope which is simply a first order decay® Cavity ring down arrangement

exp[~t/7]. It can be easily seen that the ring down timeis The experimental setup consists of a standard cavity ring
determined by down unit sampling the plasma generated in a pulsed super-
L sonic slit jet expansioriFig. 1). The latter is located in a

c1-R+al)’ large stainless-steel cross piece, evacuated by a roots blower
system with a total pumping capacity of 2775/m The
whereL is the optical length of the cavity; the speed of mirror housings of the cavity mirrors are connected with
light, R the averaged reflectivity of the two mirrors andl  flexible bellows to the opposite sides of the cross piece, de-
the absorbance for a sample present in the cavity with alfining a cavity of 52 cm. The alignment is achieved by ad-
sorption coefficiente and lengthl, i.e., the ring down time justing high precision threaded screws. Two tilted quartz
reflects the rate of absorption rather than the magnitude ofindows are fixed outside the cavity and seal the chamber.
the absorption and as such it has important advantages corihe deposition of contaminants on the super mirrors is pro-
pared with conventional absorption techniques. The methodibited by helium curtains and a system of small diaphragms.
is immune to pulse-to-pulse fluctuations in the laser poweiThe distance of the orifice to the optical axis is variable
and the very long absorption pathlengths that are obtained byuring jet operation from 0 to 17 mm via a translation stage.
confining the light pulse several microseconds in the cavity, The tunable radiation is generated by an excimer
make this technique ideal to study unstable species. pumped dye laser system with a maximum resolution of
Since its introductio?f the technique has been applied 0.035 cm* using an etalon in the dye laser cavity. The laser
in many different fields, varying from hostile environ- light is focused into the optical cavity and spatially filtered
ments as in flames and combustiBrsamples in ultrahigh by means of a 1:1 telescope equipped with a 100 pin-
magnetic field$? to discharge$3" and molecular beam hole. The light exiting the ring down cavity is detected by a
expansions®~*'Both pulsed and cw lasefé**narrow band  photomultiplier. This signal is displayed on a 300 MHz 8-bit
and polychromatic light sourcé8 even a free electron digital oscilloscope. Typically 45 ring down events are aver-
lasef® have been used successfully, with applications rangaged at each wavelength before the digitized data are down-
ing from the assignment of diffuse interstellar bade the  loaded to a workstation, that is also used to control the scan-
spectroscopic  characterization of biological relevantning procedure. The typical ring down time lasts from 30 to
systemd’® This shows that cavity ring down spectroscopy, 70 xS, mainly depending on the quality of the mirrors. This
especially in view of its conceptual simplicity, has become acorresponds to an effective absorption pathlength of approxi-
standard technique besides established methods as resonanwely 1 km through a 30 mm jet. Two gates, one set at the
enhanced multiphoton ionizatiofREMPI) or light induced  beginning and the other at 2-s3f the decay curve, are used
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FIG. 2. Cross section of the high pressure pulsed supersonic slit nozzle

discharge. The orifice consists of a ceramic insulétgra metal plate that . \ . \
is grounded2), a second insulatdB), and two sharp stainless steel jags -2000 0 2000 4000 6000 time [us]

that form the actual slit of 30 mm250 um (5). Both insulators and metal

parts are mounted to the body of the nozzle by electrically isolated screws|G. 3. The length of the discharge pulse is set to the same order as the
(6),(7). A pulsed negative high voltage-600 to—1200 V, 150-30Qus) is CRD exponential decay curve, typically 150—306 (upper track The gas
applied to the jaws via 4@ ballast resistors at the moment that a high pulse through the slit, however, lasts much longer. This can be visualized by
pressure puls€l0 baj expands through the channel. The discharge strikesextending the length of the discharge pulse to several ms and by monitoring
to the grounded plate, localizing the reaction zone to a region upstream ahe voltage at one of the jaw$ower trace. For a pressure of 10 bar the
the expansion. The floating body of the noz@g is connected to an elec- typical length of the gas pulse through the slit amounts to approximately
tromagnetic driven pulsed valv®) via an O-ring sea(10). A small plastic 1100 us. In addition, the voltage characteristics provide direct information
poppet(11) controls the gas flow into the nozzle voluni®eprinted from  on the actual discharge voltage and discharge cutssst vertical axgs

H. Linnartzet al, Chem. Phys. Let292 188(1998 with permission from

Elsevier Sciencég.

been kept as small as possible, in order to keep the length of
to determine the exponential waveform. A third time gate isthe final gas pulse through the slit as close as possible to the
used for background subtraction. A narrow band pass filter imitial opening time of the pulsed valve on top of the body. A
front of the photomultiplier reduces background light from small reservoir in front of the valve operates as gas buffer
the discharge. The absolute wavelength calibration igone and guarantees a stable gas flow into the slit nozzle.
achieved via simultaneous measurement of the absorptionypical backing pressures ef10 bar are used. The pressure
spectrum of molecular iodine in a room-temperature cell or an the vacuum setup is computer controlled and kept constant
neon hollow cathode optogalvanic cell. Additional calibra- (0.1 mbay during jet operation by adjusting the pulse length
tion and linearization programs allow a precise frequencyf the valve. This procedure significantly reduces fluctua-
determination. tions in the radical production.

A pulsed negative voltage of600 to —1200 V is ap-
plied to both jaws via two separate 4)kballast resistors.
The inner metal plate is grounded while the body floats. The

The carbon chain radicals were produced in a pulsed slitatter is important in order to shield the pulsed valve from
nozzle incorporating a discharge in a high pressure expannternal high voltage arcing. It furthermore prohibits carbon
sion. A detailed cross section is shown in Fig. 2. The orificedust formation inside the body, which is a necessary condi-
of the slit comprises an insulator, a metal plate, a secontion for proper operation. Generally mixtures of 0.2%—0.5%
insulator, and two jaws that form the actual §titpically 30  C,H, (or C,D,) in He have been used.

(or 60 mmx250 um, 60° exit angl¢ The position of the The geometry of the multichannel layer is such that the
jaws is variable and slit widths of 50—3Q0m can be cho- discharge is confined upstream of the supersonic expansion.
sen. The exact size and uniformity of the slit is defined byThis results in a much more efficient cooling as in multiple
precision spacers that are mounted between the plates apih or hollow cathode like devicé§;?! as the localized dis-
removed after assembly. A pulsed val( mm orifice is  charge before the expansion does not interfere with the sub-
mounted on top of the slit nozzle body and controls the gasequent cooling in the expansion. The low temperatures in
flow into the system through a short circular channel. Thisthe jet not only simplify the spectral complexity, but also
channel shades off into ax11x 30 (or 60) mm volume in-  substantially enhance the sensitivity, because the population
side the body. is concentrated in the lowest energy states only.

Both metal platg1 mm thick and insulatorgl and 1.5 It is important that both jaws have negative polarity with
mm thick) have slit openings of the same dimension as theespect to the grounded plate. As has been pointed out in
slit orifice. In this way a two-dimensional multilayer channel Ref. 23 this sensitivity to the sign of the bias is caused by the
is formed by the plates, that are mounted to the body byarge difference in mobility between the negative and posi-
electrically isolated screws. The volume inside the body hasive charge carriers in the plasma. A large positive voltage

B. Slit jet discharge
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FIG. 4. The rotationally resolved spin-orbit compo-
nents of the origin band of th&1— X2II electronic
transition of GH measured in a supersonic slit jet
Q=172 plasma, employing cavity ring down detection. The as-
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across the jaws results in a less stable discharge with muathemical point of view. They play a role as reactive interme-
lower discharge currents and lower production rates accorddiates in fullerene formation and are among the attractive
ingly. However, for the production of positively charged ions candidates of diffuse interstellar band carri€ré wealth of

this configuration may be less favorable. Therefore, in thenformation is available from absorption spectra of mass-
case of cations a grid is mounted about 20 mm downstrearselected species in solid neon matrixXé&round state rota-

of the nozzle orifice and it carries a negative voltage in ordetion and vibration spectra have been obtained in the gas
to compensate for the effect. The value of the discharge cuphase, using direct absorption spectroscopic technrfues.

rent is determined by the applied voltage and the ballasThe gas phase electronic spectra of several carbon chain an-
resistors. Slightly better signal-to-noise ratios are obtaineibns have been observed, using resonant enhanced multipho-
by using smaller resistors, but this also favors soot formatiorton electron detachmer(see, e.g., Refs. 54-b@nd re-

in the nozzle. cently, electronic spectra of neutral carbon chains were
found as welP*?53¢Second, since carbon tends to form con-
C. Time sequence ducting layers and as such might short-circuit a discharge, a

. . . carbon plasma is a rather severe test to check the stable per-
The whole experiment runs at 30 Hz. A master trigger is P P

. : formance of the source.
sent to a delay generator from which the excimer laser, gas

valve, and discharge pulse are triggered independently. Th&. C¢H

timing of the experiment is shown in Fig.(8pper tracg A ) . . .

1:100 voltage divider is connected to the slit plates to moni- Figure 4 séhows t2he rotatlone}lly rggolved spln-or_b_|t com-

tor the discharge. The width of the discharge pulse is choseﬁonents of thell X ﬁfqllelectronlc orgin ba}nd transmon.of

to last 150us, which is slightly longer than the typical time .6H aro.und 18989 cn. Th? search for this band was ini-

in which the light pulse is confined to the optical cavity. Thetlally gqlded by resu.lts obtained for mailrjszg?select%ﬁi  a

gas pulse is considerably longer and can be monitored b\r{’ K SOI'_dl nepn.matrlx ground .18 844 c The ob;erved
45 cm * shift is consistent with values found for isoelec-

increasing the discharge time. In Fig(I8wer trace the gas . ) .
pulse through the slit is shown for an opening time of thetror"C species and carbon chains of comparable lefigts

pulsed valve on top of the body of 6Q@s (11 bar backing for a”dcztnT slp:e?ilfz[s ";‘EI‘{‘TZ %_H has an inve:te(tfl'[ b
pressurg The actual expansion through the slit lasts aboyfround state. ForlL < ransitions one expects 1o ob-

=3 1 i i
1100 us. On the time scale of the ring down experiment theS€ve both thef=3 and 3 components in the electronic

expansion(i.e., discharge currentan be considered to be spectrum, separated by the difference of the spin-orbit con-

stationary. This diagram also yields information on the actua?‘tantSIA —A .| ar_1d con_S|st|ng oP, Q,.andR’_ branches. :
The relative intensity of both spin-orbit components is

(1,V) characteristics of the discharge. The voltage drop overt v infl d by the | tational t t in th
the ballast resistor directly yields the discharge current fop-ongly Infiuenced by the low rotational temperatures in the

one jaw (typically 60-120 mA. The remaining voltage is jet and the size of the spin-orbit splitting in the ground state

"_ __ ~1) 58 : H
the actual potential difference between the jaws and th AI t_ 1_5,['11 _c;m ?th BOth theb_rt'otauonal pr:)ﬂle_ T‘;d th?
grounded metal plate. relative intensity of the spin-orbit components yield a rota-

tional temperature afL5+ 5) K. This low temperature allows
in contrast with previous CRDS measurements in a hollow
lll. RESULTS AND DISCUSSION cathode celf® a direct assignment of tHdl ,,— X?II,,, and

In the next paragraphs results ogH; CeH, and G are 2[4, X114, electronic bands, as in the jet thke= 3 com-
presented. The reason for focusing on carbon radicals is twgonent will be substantially more populated than the 3
fold. First, long carbon chain radicals are important from acomponent. For this reason the band to lower energy has to
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be assigned to th&ll4,— X215, system. This implies that
the spin-orbit splitting in the excited state is larger thaninthe 54 |
ground state, as has been explained in Ref. 24. In addition, it
is expected that théll,,—X2I1,, band will have a more

pronounced-branch pattern than thdl,,— X2I1,,, band, 15 |

since the intensity of th& branch is proportional td)?, E
which can be seen in Fig. 4 as well. By inserting an etalon in &
the dye laser cavity, a bandwidth of 0.035 ¢mcan be g1or

r.

achieved which is of the same order of magnitude as the
rotational constant of §H4. Consequently, since slit nozzle

expansions are generally Doppler free, rotationally resolved 05 ¢

spectra have been measured. Typically, linewidthsl

width at half maximum of the order of 0.037 cm have 0.0 e
been obtained. In Fig. 4 the rotational assignment for both "0 1 2 3 4 5 6 7 8 9 10 11
spin-orbit components is given as well. For the strong band a r [mm]

gap 0f~]j0 B and for .the Weake_r band a gap ’@:5 B '? FIG. 5. The productr(-1) of the distance to the nozzle orifi¢e) and the
found which agrees with the assignment to fhe- 5 and 3 total integrated gH signal(l), as function ofr. For slit nozzles this value is
component, respectively. Accurate constants for the excitecbnstant, due to the two-dimensional character of the expansion, unless a
state have been calculated, using ground state constants dpRlecule is being formed in the expansion, which is clearly the case for
tained in previous microwave work.These results, together
with those on @D, will be presented elsewhet?.
orifice in the collision regime of the expansion and reaches
B. Chemistry in the jet its equilibrium point for a backing pressure of 10 bar about 8
mm downstream. After 8 mm thg(CgH) signal starts to

In a similar way as described forg8 and GD, spectra showr ~L behavior.

have been obtained for g8/CsD and GgH/C;oD.% In

Ref. 23 it was discussed that the short residence time of the
radical precursors in the discharge zone does not allow sec:
ondary radical—radical reactions. Consequently, the long car="
bon chains are expected to be formed by multiple collisions The triacetylene cation is isoelectronic withyHC and

in the expanding plasma. The present technique is ideallgonsequently the electronic spectra of both systems should
suited to study the (H density as a function of the distance be similar. In the past, several gas phase studies have been
to the nozzle orifice. The product-() of the integrated gH performed on the origin band of thdI—X?II electronic
signal(l) and the distance to the nozzle orifig¢ as a func-  transition of GH,, mainly in low resolution emission

tion of r is shown in Fig. 5. Whereas normally an' den-  experiment$%tin a recent study in a hollow cathode White
sity decrease is expected as a consequence of the twoell geometry T,o~170 K)®2 also rotationally resolved op-
dimensional character of the expansi8ie., the product of tical absorption spectra of both spin-orbit components of

| andr should yield a constant value—this is different for CsH, and its isotopic derivatives O, and HGD+ have

CgH. The GH is formed in the first millimeters after the been obtained. In the latter experiment the band origin of the

CeHy

FIG. 6. The rotationally resolvef) = % origin band of
the 2I1—X?I1 electronic transition of the triacetylene
a ‘ cation GH;. (& The spectrum in a &,/He plasma.
The spectrum is clearly covered with additional lines.
These originate from a pure carbon species h€re,

as can be concluded froio), showing the same fre-
quency range in a {D,/He plasma.(c) The iodine
spectrum that is recorded simultaneously for lineariza-
b ‘ tion and absolute calibration.

16650 16652 16654 16656 16658 16660 cm™
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) ) ) FIG. 7. The rotationally resolvef) = % origin band of
16684 16686 16688 16690 cm” the 2I1—X2I1 electronic transition of gD, (upper
" traceg and HGD" (lower trace, using a mixture of
HC,D 0.25% GD, and GH,/C,D, (1:3) in He, respectively.
L P ‘I‘ R
16668.0 16670.0 16672.0 16674.0 cm”

Q=% component of gH; is found at 16 656.2 cit, about  nals remain. The resulting)8I1— X?I1 spectrum for @D,
3 cm ! to higher energy than th@ = 3 component, indicat- (=2 componentis blue shifted by 32 cm* (Fig. 7, upper
ing that|A’|<|A"|. trace. A 1:3 GH,/C,D, (0.25% in He mixture yields the

In Fig. 6(a) the rotationally resolved origin band of the corresponding spectrum of HB™ (Fig. 7, lower tracg
2I1+ X211 electronic transition of gH, is shown, recorded These figures also show that the appropriate choice of isoto-
in the present jet experiment. The best signal-to-noise ratiogic species can make up for the disadvantage of having no
were obtained for voltages arounes50 V. Only one sub- mass selectivity.
band can be observed now, because the spin-orbit splitting in  The spectra are reproduced with the rotational constants
the ground state with-31.4028) cm™* (Ref. 62 is rather  derived in Ref. 62 and assuming a rotational temperature of
large and consequently the population of he=3 compo- (10 3) K. The low temperature can be achieved in spite of
nent will be only moderate at the low temperatures in the jetan additional grid that is mounted about 2 cm downstream of
Furthermore, it is expected that the= 3 component will be  the nozzle orifice. This grid is put on a negative potential,
hidden under th@ branch of theQ) = 3 component since the which improved signal-to-noise ratios by extracting the posi-
value of |[A’—A"|~=3 cm ! is too small to separate both tive ions out of the field of the nozzle jaws. However, it also
spin-orbit components completely, as is the case fgf.C causes minor disturbances in the dynamic flow of the gas
The GH, spectrum is partially covered with lines that origi- expansion, which might effectively decrease the adiabatic
nate from G. In Fig. 6b) the same frequency range is cooling. The geometry without grid should also allow the
shown, but for a §D,/He plasma: only the pure carbon sig- detection of anions.

Bz, —X’5

L FIG. 8. TheP andR branches of theu’,v")=(0,0)
LIRS Y R ' and (1,1) vibrational transitions in thd?s.; « X237
‘ [ electronic spectrum of £, measured with CRDS. The
simulation uses the constants given in Ref. 69. The un-
assigned band around 18 590 ¢hbelongs to G.

0 T Y |
( 20 10
(v,v7)=(1,1)
Y A S
( 20 10 20 30
(v'.v)=(0,0)

18440 18540 18640 18740 cm™
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