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Laser induced fluorescence in a pulsed argon plasma
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A time-resolved laser induced fluorescericd) technique for pulsed argon plasmas is described.

A low power, tunable diode laser pumps a three level Ar 1l transition sequence at a wavelength of
668.6138 nm. With a standard LIF system designed for steady-state plésmast kHz optical
chopper, 20 kHz band-width detector, and a lock-in ampjifiee demonstrate that the evolution of

the ion velocity distribution can be resolved with a time resolution of 1 ms through a combination
of time-series averaging and post-acquisition digital signal processirgD0®& American Institute

of Physics.[DOI: 10.1063/1.1848491

Applied to the diagnosis of plasmas three decades agof ion beams in pulsed expanding helicon source pIaéTznas.
by Stern and Johnsdnlaser induced fluorescen¢elF) has  We note that other researchers have used similar techniques
evolved into a powerful tool capable of providing non- to investigate externally imposed, repetitive, transient phe-
intrusive, high resolution, spatially resolved, measurementaomena in a steady-state background plasma, e.g., the inter-
of particle (ions, atoms, radicals, molecujegelocity distri-  action between ions and ion cyclotron waves in argon
butions in many types of plasma discharges and for a Wid@lasma§_3 However, those experiments employed much
range of experimental conditiofis. Weak LIF emission more powerful ring dye lasers and only examined the time-
from a steady-state plasma can be detected in the presencesdferaged interaction of the ions with the waves. What makes
intense background light by modulating the probing lasetthe diagnostic method described here unique is the imple-
beam and employing phase synchronous detection, i.e., usigentation of these methods with a low power, compact, rela-
a lock-in amplifier. Pulsed plasmas present the additionajively inexpensive, tunable diode las&while retaining the
challenge of requiring time resolution while still detecting capability for time and velocity resolved measurements dur-
weak LIF emission. The minimum time resolution of a LIF ing transient phenomena.
measurement is set by the lifetime of the upper quantum A velocity resolved, three-level LIF measurement begins
level of the pumped transition, usually on the order of a fewyith illumination of a collection of particlegions, atoms,
nanoseconds. In practice, however, time resolution is limitedagicals, moleculgswith a laser whose bandwidth is much
by the need to collect a sufficient number of LIF emissionparrower than the particle’s absorption linewidth. If the inci-
photons for reasonable signal to noise, R@time constants  gent photon has an appropriate frequency in the particle’s
of cables, the signal acquisition time requirements of thgest frame. then a particular quantum level is optically
available electronics, .and the particular plasma condit!ons. pumped and the population of an upper quantum level in-

When the properties of the measurement electronics algeases. The upper level then decays spontaneously to a third
well known, it is possible to improve t_he time resolution of |oye| with a large branching ratio by emitting a photon. The
LIF measurements by reducing the distorting effects of thgnensity of the fluorescence radiation as a function of laser
lock-in amplifier by digital signal processifid.If better time frequency is a direct measurement of the particle velocity
resolution is required, moreosoph_isticated signal acquisitionjistribution (although processes such as Zeeman splitting
meth_ods must be employ?a& _In this work, we demonstrate may have to be included in the analysis of the data to deter-
fchat it is possible to obtain time and velocity resolved Iagermine the parent velocity distributionTo obtain nonperturb-
induced fluorescence measurements of a pulsed hellchg measurements, the pumping laser should be operated in

plasma Source using a low power, tnable, diode Iase_r. Thfﬁe linear regime, i.e., the LIF signal is proportional to the
only modification to the experimental apparatus we typlcallyl ser intensity. For a Maxwellian distribution of particle ve-

use for LIF ”.‘?asure“?ems n steady-gtate plasmas IS the cities, the bulk flow velocity is obtained from the Doppler
dition Of. a Q|g|tal oscilloscope on which the LIF EMISSION ohift in the fluorescence spectrum. If Doppler broadening
versus time Is averfalged over many hun.dreds' of pulse_s. T'mc?ominates over other line-broadening mechanisms, the tem-
resolution of 1 ms is syfflc!ent t(.) Investigate ion heat!ng byperature of the particle ensemble is inferred from the full
pulsed beat-wave heating in helicon sou temd formation width at half maximum of the fluorescence line. For LIF
studies in pulsed argon plasmas we selected a three level
9Electronic mail: escime@wvu.edu argon LIF scheme first proposed by Sevetral®
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Ogggﬁio- FIG. 2. A set of nine LIF signals averaged over 100 rf pulses without
% deconvolution. The data are separated by wavelength to highlight the differ-
WAVE- BS ence in LIF signal as the laser is tuned through the absorption line.
METER %
chD ization axis parallel to the magnetic field avoids pumping the
[ | Zeeman splito lines (AM ;=1 transition$ and the internal
5 *T Zeeman splitting of the six linearly polarizeéoM ;=0 transi-
LASER s tions (7 liney) is ignorable for the magnetic field strength of
CONTROLLER .
ﬁ o the helicon sourcé<500 G.
A The fluorescence radiation is collected at 90° with re-

spect to the laser beam. The light collection assembly con-
FIG. 1. Experimental setup for time resolved LIF diagnostic: PHPS - pulsedSIStS of a 10 cm focal Iength,. 2.54-cm-diameter collection
helicon plasma source, AN - antenna, EM - electromagnets, BD - beanlens followed by a 2.54 cm diameter, 5.0 cm focal length
dump, CO - collection optics, OF - optical fiber, PMT - photomultiplier focusing lens. The numerical aperture of the focusing lens
tubg, BM, , alignment mirrors, CH - mechanical chopper, BS - beam was chosen to match the numerical aper(lN'A: 022) of a
splitter. 200um-diameter fused silica optical fiber. The overlapping
3-mm-diameter laser beam and 5-mm-diameter collection fo-
A schematic of the LIF system used for pulsed plasmacus spot yield a measurement volume of 60 inhight ex-
studies is shown in Fig. 1. The tunable diode laser is a Sachéing the collection fiber passes thrdug@ 1 nmbandpass
Lasertechnik model Lynx-TEC100 with an external Littrow interference filter centered at 442.6 nm. Following the filter
cavity comprised of a piezoelectric transducer controlleris a Hamamatsu HC124-60 PMT detector with an integrated
(PZT) grating with a beam correction mirror. This Peltier 20 kHz bandwidth preamplifier. A Stanford Research SR 830
cooled diode laser is characterized by a 1.5 MHz bandwidthock-in amplifier, referenced to the modulation signal from
and 17 mW power output at a current of 85 mA. The diodethe mechanical chopper, is used to isolate the LIF signal
laser has a coarse tuning range of approximately 8 nnfrom background emission at the fluorescence wavelength.
around the factory set central wavelengf®8+4) nm. The  The signal from the lock-in amplifier is sent to one channel
Lynx-TEC100 has also a fine-tuning range of 0.4 @n300  of a Tektronix TDS 460A digital oscilloscope. Another chan-
GHz). Fine tuning is accomplished by either changing thenel records the pulsed waveform from the function generator
voltage on the PZT actuator or the temperature of the cavityused to drive the pulsed helicon discharge. 250 W of rf
Single mode tuning without mode hops is achieved when th@ower at 13.56 MHz pulsed at a frequency of 5 ¢ddth a
external cavity modes and the dispersion bandwidth shift irc0% duty cyclé yields a plasma density of approximately
unison. The 8 GHz mode hop free range of the Lynx-2x 10" cm2in the middle of the plasma pulse and an elec-
TEC100 diode laser is large enough to span the absorptiotnon temperature of 3.5 eV for a magnetic field strength of
linewidth for 0.5 eV Ar ions. For hotter ion populations or 260 G and a neutral pressure of 1 mTdriThe helicon
high speed bulk flows, the range can be extended to a totalource consists of 6-cm-diameter, 37-cm-long Pyrex™ tube
mode hop free range of approximately 14 GHz by having themated to a 20-cm-diameter, 46-cm-long expansion chamber.
laser controller feedback on the diode current. Although théfhe LIF measurements were performed in the expansion
laser power varies during such extended scans, distortion @hamber, 10 cm away from the end of the helicon source.
the measured LIF emission line shape can be corrected by The LIF signal is accumulated during each plasma pulse
monitoring the laser power with a laser power meter. (and dwell interval at a digitation rate of 5 kHz and aver-
After passing through a 10% beam splitter, the laser isaged over 100 cycles. After each averaged time series is
modulated with a mechanical chopper at 4 kHz and steeredcquired, the laser is then tuned to a new wavelength. Typi-
into the plasma with a pair of alignment mirrors. 10% of thecally 30 wavelengths over a laser frequency range of 8 GHz
beam is sent to the wave meter for real-time wavelengtlare needed to obtain reliable ion distribution function mea-
measurement. The laser power after the beam splitter is 1&urements. After subtraction of the time-dependent back-
mW. The laser is injected perpendicular to the magnetic fieldyround signal, the LIF signal to noise is better than 10:1. The
of the helicon plasma helicon plasma soutsee Ref. 11  time resolution of the measurement is limited by the integra-
used for these measurements with the laser polarization axi®n time of the lock-in amplifier and the update rate of the
parallel to the magnetic field. Alignment of the laser polar-lock-in output electronics. Nine time and velocity resolved
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FIG. 3. Expanded view of the beginnir@ and end(b) of the rf pulse ‘5 0101 . '
amplitude(square solid ling the LIF signal from the lock-in amplifier with 0.08 - ..
a 3 ms integration timésolid curve, and the LIF signal after deconvolution 0.06 ) ) ) 5 ) )
(dashed curveof the low pass filtering effects of the lock-in amplifier from -4 2 0 2 4 2 0 2
the PMT signal as described in Appendix A of Ref. 7. v-v, (GHz) v-v, (GHz)

. . L FIG. 4. lon velocity distribution functions obtained from slices of the time
LIF measurements are plotted in Fig. 2. The lock-in timegependent LIF signals during the pulse @ t=50 ms;(b) t=75 ms;(c) t

constant was 1 ms and the lock-in output signal was updategioo ms; andd) t=125 ms.
at a rate of 512 Hz, thereby limiting the time resolution of
the data to 1.95 ms. When set to a shorter integration time

the lock-in was unable to differentiate between the spontand@Sts for approximately 8 ms after the rf is turned off. It is
ous and induced emission in the plasma. Replacing the mdossible that the LIF afterglow measurements could be used

chanical chopper with an acousto-optic modulator operatind® investigate both the energy and plasma confinement times

at higher frequencies than 4 kHz would allow the time resoOf helicon source plasmas.
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