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Cavity ring-down spectroscopfCRDS has enabled temporally resolved measurements of jhe N

ion concentration in a pulsed atmospheric pressure nitrogen plasma. A 10 ns voltage pulse is applied
to a dc-sustained plasma to change the ionization fraction rapidly. Our measurements show that the
pulse increases the;Nion concentration from 3:910' to more than 1.5 103 cm™3, and that the

N, concentration returns to the dc level in about € We also determine the electron density by
measuring the electrical conductivity of the plasma. Becaugeis\the dominant ion, the good
agreement between electrical and CRDS measurements provides validation of the temporally
resolved CRDS technique. @002 American Institute of Physic§DOI: 10.1063/1.15004237

Pulsed plasmas are of growing interest in many plasmathe light source(pulse width~7 ns, pulse energy-1 mJ,
processing applications, including etching, deposition, surlinewidth ~0.14 cmi ). A 75 cm cavity yields typical ring-
face modification, and biochemical decontamination. londown times of approximately 1fs, corresponding to mirror
concentration and electron number density are key paranreflectivities of about 0.99 975. The plasma has strong ther-
eters in the analysis and optimization of such systems, bunal gradients that tend to steer the beam and destabilize the
their measurement often poses considerable difficulty. Heregavity.
we report the use of CRDS to perform temporally resolved  We find that appropriate selection of cavity geometry is
measurements of the;Nion concentration in a pulsed atmo- critical to implementation of the CRDS technigi@he re-
spheric pressure nitrogen discharge. sults reported here use 50 cm radius-of-curvature mirrors and

Cavity ring-down spectroscop§CRDS has become a @& 75cm length linear cavity. To obtain a spatial profile of the
widely used method in absorption spectroscb@r.iefly, a Ng concentration in the dc sustained plasma, we displace the
pulsed laser beam is coupled into a high-finesse optical caischarge perpendicularly to the optical axis. CRDS is a
ity containing a sample, where it passes many times betwedpath-integrated technique and the discharge has axial sym-
the mirrors. As the light bounces back and forth inside theémetry, which we verify by performing measurements with
cavity, its intensity decayérings down owing to sample the plasma rotated by 9@<2% deviation. We use an Abel
absorption and cavity los&aused primarily by mirror re- inversion to recover the radial;Nconcentration profile. The
flectivity). A photodetector is used to measure the ring-dowrfiC concentration measurement is based on(trevelength
signal, which is fit to yield the sample loss. The techniquelntégrated area of the lines @)-R17). The inverted data
enables measurements of weakly absorbing and/or low corfo" the dc plasma yield the radial profile of ion concentration
centration species owing to a combination of long effectiveS1OWn in Fig. 2’2Wh'(jg has a centerlifigeak concentration
path length and insensitivity to laser energy fluctuations. Pre 3-9+0.6x10°%cm %, and half-maximum of concentra-

: : +
viously, CRDS has been applied to measure the concentrdon at radius 1.040.03 mm. The error bar€lo) on N,
tions of ions in dc plasmas® Here, we use the CRDS tech- concentration primarily arise from uncertainty in relating the

nique to study dynamic processes in evolving plasmas. measured absorban¢@hich corresponds to the population

Figure 1 shows a photograph of the atmospheric pressur%f several rotatlonql levels in the ground vibronic state
nitrogen discharge, as well as a schematic diagram of thi'e Overall population of N. Boltzmann plots of the rota-
CRDS setup. Nitrogen is injected through a flow straightenefIonal lines yield a r_otatlonal temperature of 56600 K "?‘t
and passes through the discharge region with a velocity otpe center of the discharge, and 4#EDO K at the radial
about 20 cm/s. The discharge is formed between a pair of
platinum pins(separation 0.85 cjmvertically mounted on
water-cooled stainless steel tubes. The discharge is main

tained by a dc current supp(87 mA) in a ballasted circuit LS, » — —l
(R,=9.35K2). We study the N ion by probing the(0,0) R=0.99975 R=0.99975

its fi i X2 Y i- to data
band of its first negative systenBX ;j—X°3 ) in the vi N5 flow! acquisition

cinity of 391 nm. We select this spectral feature because it is

comparatively strong and optically accessible. An opticalrig. 1. (Colon Photograph of the atmospheric pressure nitrogen discharge
parametric oscillatoOPO system(doubled idley is used as  and schematic diagram of the CRDS setup. The electrode separation is 0.85
cm, and a current of 187 mA passes through the discharge. An OPO is used
as the light source, and a photomultiplier tube detects the light exiting the
aE|ectronic mail: azer@saha.stanford.edu cavity.
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FIG. 2. Radial profile of i ion concentration in dc discharge found by 0 2 4 6 8 10 12 14 16
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half-maximum of ion concentration. The rotational tempera-FIG. 3. CRDS measurements of Noncentrationgsquares and conduc-

ture is close to the gas temperature owing to fast collision t|ivity measurements of electron densitigime and swath versus time fol-
a]owing the firing of a high-voltage pulse in an atmospheric pressure nitrogen

relaxatien at atmOSpher_iC pressure. A COIIiSional'raqiaﬂy%c plasma. The inset shows experimental ring-down traces with the high-
model is used to determine the fraction of the population involtage pulsgsolid ling) and without the high-voltage pulgdashed ling
the ground electronic and ground vibrational state, and pre-

dicts O.73t0.Q8_and .0.410.04, respectively. Combiqing operate the high-voltage pulséulse width~10 ns, pulse
these uncertainties with the uncertainty from the Abel 'nver'voltage~8 kV) at ~10 Hz so that it may be synchronized

sion (~49%) results in an overall experimental uncertainty of q|ative to the laser. At this repetition rate the plasma com-

15%. . . ) pletely recombines between high-voltage pulses so that the
To increase the time-averaged concentration of charge ; ; ; ;
o . 9 . , 9€Behavior during and following each pulse is not affected by
species in the nitrogen plasma, we investigate the use Gf,o hresence of other pulses. Because the pulse length is

short, high voltage pulses. Although a number of kineticsgp .t compared to our time resolution, we do not resolve the
studies have been performed with CRDS, nearly all of thesg ;jjqp of jonization: yet we are able to resolve the subse-
experiments study processes that are slow compared to eéUent recombination

perimental ring-down times. An exception is the work of The inset in Fig. 3 shows ring-down traces obtained with

Brown etal,” who perform gas-phase measurements inyn without firing the high-voltage pulse, with the laser
cases in which the populations do change over the duratloned to the N bandheadP(12—P(14)]. In the absence of
of the ring-down. For the case of a time-dependent absorfpe high.yoltage pulsélashed lingthe absorption losses are
tion, the ring-down signal(t) may be written a&: constant in time, and the signal decays as a single exponen-
t tial. In the trace with the pulsésolid line), the light decays
fo k(V,t)|ab§jt+(1—R)tH, more steeply after the pulse, reflecting an increased concen-
1) tration of N; . The spike in the latter trace coincides with the
firing of the pulse, and is caused by electromagnetic pick-up
whereS, is the signal at time zerd, is the cavity lengthc  generated by the pulser. To verify that we are observing
is the speed of ligh is the absorption coefficienitysis the  changes in the N concentration, we examine the analogous
path length of absorber, and—R is the effective empty traces but with the laser detuned from the absorption band.
cavity loss. Rearranging Eql) leads to an expression for These traces are identical to one anotfexcept for in the

S(t)=80exp{ —(c/L)

the absorbance as a function of time: vicinity of the electromagnetic pick-0@nd confirm that the
d only effect of the high voltage pulse on the ring-down system
Abs(t)=k(v,t)l ;ps=(—L/cC) a{|n[s(t)/so]}—(1— R). is to generate the pick-up spike. From these traces, we deter-

@ mine that the pick-up prevents us from analyzing data in the
first 0.7 us following the firing of the pulse. We vary the
The derivative(local slopg of the logarithm of the ring- delay of the high-voltage pulse relative to the laser shot so
down signal is proportional to the logsample plus empty that we can obtain ion concentrations at different times.
cavity) at that time. To directly obtain time-dependent con-  We quantify the time-varying N concentration(at the
centrations, we divide the ring-down signal into a series ofdischarge centg¢rusing Eq.(2) with a 1 us window. This
time-windows, and in each window we fit a line segmenttime interval represents a good compromise in making the
(slope to the logarithm of the signal. It might be tempting to window short compared to the time scale of the process stud-
consider using lower reflectivity mirrors with shorter ring- ied yet affording an acceptable signal-to-noise level. We use
down times so that the losses may be treated as constant owbe measured mirror reflectivitffound with the laser de-
the ring-down, but the sensitivity of such an approach isuned and tabulated linestrengtfisOwing to the path-
inferior.! integrated nature of CRDS, the measured concentrations are
We create a pulsed discharge by coupling a high-voltagéversely proportional to the assumed path length. As dis-
pulser in parallel to the dc discharge circuit. The dc fieldcussed later, the path length of our pulsed discharge may

serves to give a baseline of ionization and to heat the gas. Weary by up to a factor of about 1.5 during the measurement.
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Figure 3 shows absolute jJNconcentrationgsquares ob- ~ agrees with the prediction of our collisional-radiative model
tained using the path length from the measured dc profiléhat approximately 85% of ions are;Nand the remainder is
(Fig. 2), with error bars that include contributions owing to N™. The uncertainty in the dc electron concentration is pri-
the uncertainty in path length. To determine the uncertaintynarily due to uncertainties in the dc discharge af&¥%),

in path length, we provide a simplified analysis of the evo-electric field (3%), the momentum transfer cross section
lution of the concentration profile. For sufficiently long times (17%), and the average gas temperat(t8%). The tempo-
after a pulsgand therefore just before a subsequent pulse rally resolved electron concentrations are shown with a solid
the profile equilibrates to the dc case. During a high-voltagdine in Fig. 3. At early times, the uncertainty in the time-
pulse, ions are predominantly formed by electron impact ionvarying electron concentrations is highest, owing to a larger
ization, according to[N;](t)~[N;](t=0)expN,]t), uncertainty in the electric fieldThe subtraction of the cath-
wherek is the rate constant for electron impact ionization,0de fall becomes increasingly inaccurate as the cathode fall
and we have assumétl} ]~[n.]. According to this expres- increasingly dominates the discharge voltage at early times.
sion, the shape of the ion profile immediately after a high-The solid line assumes a constant profile shape based on the
voltage pulse is also the same as in the dc das¢ with ~ dC measurement. Extracting the electron concentration from
higher amplitud The dominant loss mechanism during the the area-integrated electrical measurement is also sensitive to
recombination phase is dissociative recombination, whictyariation in the shape of the profile. We gauge the magnitude
tends to broaden the profildecause higher concentrations Of this effect by computing the effective areas of the simu-
nearer the center recombine more quiakBased on these lated prOﬁleS discussed preViOUSly. The downward portion of
assumptions, we simulate the temporal evolution of the conthe electron number density swath includes uncertainty due
centration profile, and compute the effective path length as £ uncertainty in the shape of the profile. The collisional-
function of time. Immediately after a high-voltage pulse, weradiative model predicts that Nis the dominant ion pro-
take a profile with the dc shape and amplitude consisterfiuced by the pulse. The agreement between the time-
with our CRDS measurement. We then compute the evoludependent electron and,Nconcentrations during plasma
tion, by assuming to a good approximation’ that at each ratecombination verifies the CRDS measurement. The experi-
dial location the concentration decays by dissociative recommental recombination time is consistent with repotieis-
bination until it reaches the level of the dc profile. We use asociative recombination rate coefficients fof N

rate coefficient for dissociative recombination fog Mf 4 We have demonstrated the use of the CRDS technique to
% 10~8 cm®/s from Park!® We find that the largest change in obtain spatially and temporally resolved ion concentrations
the shape of the profile occurs at about$ after the pulse, at the ppm level in a hostile plasma environment. We mea-
and corresponds to an increase in effective path length ¢fure ppm level concentrations with microsecond temporal
about 50%(relative to the shape of the dc profil&he un- resolution. Fundamentally, the time resolution of the tech-
certainty associated with the path length is smaller at earliefique is limited by the cavity round-trip time. Shorter cavi-
and later times, since the profile shape is closer to the diies with faster detection may be used to study systems that
case. The downward error bars in Fig. 3 contain contribu€volve more quickly.

tions due to variations in profile shape. The uncertainty due
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