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Laser-induced fluorescence measurements of three plasma species
with a tunable diode laser
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Recently, we demonstrated that a single, tunable, low-power, diode laser can be used for
laser-induced fluorescenc¢klF) measurements of both argon ions and helium neutrals. We have
now identified a third fluorescence scheme, for neutral argon atoms, accessible with the same
tunable diode laser. Fluorescence measurements of a heated iodine cell are used to monitor the
wavelength of the laser during the LIF measuremen0®4 American Institute of Physics.
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I. INTRODUCTION laser with another Littrow mounted diode, a SAL-665-20,
with a mode-hop free tuning range of 12 GHz and an in-

lasel can be used to perform laser-induced fluorescencgreasmj -output power k20 mW. Waveleng?h scanning 15
complished by varying the voltage on a piezoelectric con-

(LIF) measurements on neutral argon atoms, argon ions, a led ting located within the | VA National
helium atoms. By encompassing both ion and neutral plasmgO €d grating located within the faser ca YA Nationa
Instruments input/output card provides the voltage ramp to

species with a single diode laser, the diode laser can be ] the | ¢ d the i | larized | .
powerful diagnostic tool for a wide variety of low- scan Ine faser frequency and the finearly polarized ‘aser IS

temperature plasmas. With a viable LIF scheme for neutrarlnounted on a vibration-isolated platform. The laser light is

argon and neutral helium, it is now possible to directly mea-OIIreCteOl through an iodine cell and into the plasma with a

sure the distribution of neutral atoms in most helicon sourc&®"€S of mirrors and beam splitters ”f“’“”ted _on th? va_cuum
experiments. chamber and the laser table. The optical configuration is de-

scribed in detail in Ref. 1. A tightly focused set of optics,
mounted on a radially scanning assembly, collects the fluo-
Il. EXPERIMENTAL APPARATUS rescence light perpendicular to the injected beam and sends
. . the light through a fiber optic cable to a filter€d nm wide

. 'I;Shle hoﬁ heI|ch)Jn ex;:t)ekrjlmir)(HEL.IXé'vacutum chambte:j tbandpas)s:Hamamatsu infrared detecfbThe detector signal

'S 31 crln ongl,S yre>;.u et crtn 'ml |amte elr Cﬁnnice T(?s composed of fluorescence radiation, electron-impact-
a 21 cmfong, cm diameter, stain ess-T?A el chamber. nﬁduced radiation, and electronic noise. A mechanical chop-
chamber has one set of four 6 in. Conflat™ crossing ports_ 'rﬂ)er operating at a few kHz is used to modulate the laser
the center of the chamber and two sets of four 2 3/4 in eam before it enters the vacuum chamber and a Stanford

Conflat™ crossing ports on either side that are used for LI Research Systems SR830 lock-in amplffierused to elimi-
diagnostic access. The opposite end of the chamber OP€R3te all noncorrelated signals. Lock-in amplification is indis-

!nto a.2. m dlamete_r spacgéchamber, the large experiment Qppensable since the electron-impact-induced emission is sev-
instabilities and' amsotrop|. sTen electromagnet§ produce a eral orders of magnitude larger than the fluorescence signal.
steady-state axial magneu;%rf'leld of 0_1.200 G in the SOUrCerna jaser wavelength is tuned to the appropriate transition
A MKS mass flow controlletis used to introduce gas into with a Burleigh WA-1500 wavemet®&and monitored for fre-

;hoeo vz_;ll_cuum Ch?]mbegl Nefutral pre;ssurtesz f(;okn\;v 0.1 t%uency drift with a simultaneous molecular iodine fluores-

f Mo are ac flzval8eM:_| power o | u(;a_ (: ) 19 OVﬁrlfacence measurement during each scan of the laser frequency.
requer_lcr)]/t rﬁmg;} c()j h _I ¢ 215 cogp € Itn Oti tcmd a t- Because the weak absorption lines of molecular iodine in
wave rnight-nanded helix antenna and creates the steady-s %ﬁe wavelength range of all three LIF schemes are difficult to

plasma. Characteristic electron teg1perature and densi.ties Huoresce in commercially available iodine cells, a modified
HELIX are T.~4 eV andn=1x 10> cnv’ as measured with iodine cell is required for use with our low-power diode la-

a rf compensated Langmuir probe. ser. Increased vapor pressure of molecular iodine in the ref-

Our original<15 mWw, 1.5 MHz bandwidth, Sacher La- : L L
. ] T . erence cell can be obtained with either a custom iodine cell
sertechnik SAL-665-10 diode laser was mounted in a Littrow

external cavity and had a mode-hop free tuning range of ué’:ontaiging a larger than normal quantity of crystalline
i i odine;” or by heating a commercially available iodine cell.
to 14 GHZ~0.021 nm.! We recently upgraded our diode y g y

We chose to construct a thermostatically controlled heater for
our 100 mm long, 25 mm diameter, Opthos Instruments io-
9Electronic mail: ams_510@yahoo.com dine cell*® watlow flexible silicone rubber heatétswere

In this work, we show that a single low-power, diode
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FIG. 1. Housing for the heated iodine celd) Laser beam(b) iris dia- [
phragm,(c) flexible silicone heatergd) thermocouple(e) iodine cell, and 0
(f) photodiode detector. L

30 20 00 20 a0
Frequency (v—vo) (GHz)

attached to the cell and the heated cell placed in a thick
walled aluminum housingsee Fig. 1 The Watlow heaters
are controlled by an Omega CNi3252 process controller us-
ing a K-type thermocouple for temperature monitorifg.

Oriel iris diaphragm]s?’ were mounted on each end of the blevels b the interaction between th i of h
housing to limit ambient light while allowing the laser beam SUbIevels ecguse € .e -ac on betwee N ,Sp 0 .eac
electron and its own orbit is greater than the interactions

to pass through the cell. Fluorescent emission from the mo :
lecular iodine vapor is detected with a battery powered, UDTP€tWeen the two spins and the two ortits.

Sensors PIN photodioa‘éand amplified with a Stanford Re- To obtain reasonable Ar-1 LIF signal to noise, the source
search Systems SR560 Preamplifiéfor an incident laser Was operated at pressures above 6.5 mTorr. Optimal signal
power of 17 mW, excellent signal to noise for the molecularto noise was achieved for neutral pressures of approximately
iodine fluorescence measurement was obtained for an iodin) mTorr. These relatively high neutral pressures provide the

FIG. 3. Typical Ar-I LIF signal vs laser frequency and @olid line).

cell temperature of 69°C. collision rates necessary to populate the initia(z@og,z)l
state. A typical Ar-I LIF measurement is shown in Fig. 3. The

Ill. LASER-INDUCED FLUORESCENCE simultaneously acquired molecular iodine fluorescence spec-

MEASUREMENTS trum is shown in Fig. &). Although other groups have per-

Complete details of the argon ihand helium neutral formed LIF measurements on neutral ard&to the best of
LIF* schemes used with our low power, tunable, diode lasePur knowledge, this is the first use of this three-level se-
have been published previously. The level sequences afience for neutral argon.
shown in Fig. 2. The Ar-Il LIF scheme is a three-level se-  For typical helicon source argon plasma parameters, the
quence that begins with thed¥,, metastable state. The total absorption line shap@lIF lineshapg is a convolution
He-I LIF scheme is a four-level scheme that requires arof thermal(Dopplen broadening and Zeeman splitting. Other
electron-impact collisional excitation transfer for fluores-effects, such as the natural linewidth of the line, the laser
cence at a wavelength different from the pump wavelengthiinewidth, and Stark broadening, are ignorable. For the spe-
The Ar-I LIF sequence we have develop#dg. 2c)] has @  cific Ar-I transition used in this work, the Zeeman splitting
similar requirement for a significant level of electron colli- yields three componenig.For the transition, the magnetic

sions with neutral argon atoms. .. _orbital quantum number for each level is the safd/
Our three-level LIF scheme for Ar-I uses laser em|55|on:0) This transition is unshifted from the central wavelength
at 667.9125 nniin a vacuum to pump the 4(°P%,,), state i 9

to the 43'(2P01/z)o state(1s, to 2p, in Paschen notation and is linearly polarized along the magnetic field. For the

which then decays to thes"(zpol/z)l state(1s,) emitting a two circularly polarizedo transitigns,. the magnetic orbital
photon at 750.5934 nm. While thes@P°,,), state is not a duantum number for each level is differeM=+1). The
ground or metastable state, we expected a sufficient popul4n€ shifts for theo: transitions in a 1 kG magnetic field are
tion for LIF due to direct excitation from the ground state A\ =+2.08x 10" A.”" Relative intensities of all three Zee-
and electron-impact excitation transfers from nearby metaMan components obdy,=2l,.
stable statess@2P°3,2)2 and zs'(zpollz)o (1ss and s;, respec- When the polarization axis of the laser is oriented paral-
tively). For Ar-l, jj-coupling must be used to describe the lel to the axial magnetic fiel@perpendicular laser injection
only the 7 transition is pumped. For parallel laser injection,

4p'Dys ) . ap (P, both of theo transitions are pumped. Insertion of a quarter-

w212 Sqetne SV—;%Q“‘ 0L &y wavelength retarder in the laser path creates circularly polar-
S N = 45°CP°, ), ized light and .epablles pumping of a smgigtransnmn .fgr .

WP (e ’S (et (C) g1 HCP 4CPY) parallel laser injection. Because only a single transition is

pumped for both parallel and perpendicular laser injection,
FIG. 2. LIF schemes fo(a) Ar-ll, (b) He-I, and(c) Ar-l. All wavelengths _ a|| Ar-| LIF measurements can be fit with a single Maxwell-
are in vacuum. The nearby metastable states are also shown for the initial L . . .
state of the Ar-l1 sequence. The vertical arrow indicates increasing energy dan distribution shifted by the Zeeman Spllttlmt:ipl’ the o
the atomic states. lines) and the bulk flow of the neutral atoms:
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FIG. 4. Intensity vs wavelength and frequency shift of iodine cell fluores-
cence near the pump wavelength of the LIF schemgdpAr-11, (b) H-I,
and(c) Ar-l. The laser pump wavelength is indicated with a vertical line for
each species.

= vg— Voro/ 0)?
apTh ’

In(v) = IRwO)exp[ w=are (1)
wherelg(v) is the measured LIF signalv; is the Zeeman
shift relative to the rest frame transition frequengy(Av,
=¢B; e=%1.4 GHz/KG for theo lines; =0 for the 7 tran-
sition; andB is the magnetic field in k& (Vgovp/c) is the
overall Doppler shift of the distribution due to bulk flow of
the neutralspp scales the width of the thermal broadening
for neutral argon of mass\,(ap=2kv,/m,c?), andT, is the
temperature of the neutrals in eV. A fit of K@) to the Ar-
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bulk flow the interrogated species for all three LIF schemes.
The absolute wavelengths and relative intensities of the mo-
lecular iodine fluorescence for a 12 GHz wide scan in the
vicinity of the central absorption wavelength of each of the
three different LIF schemes is shown in Fig. 4. The absolute
wavelengths of each fluorescence peak were determined with
the Burleigh wavemeteqwith an absolute accuracy of
+0.00 003 nm according to the manufactdfeand an ob-
served statistical uncertainty of +.0004 nrithe temperature

of the heated iodine cell was kept at 69.3+0.4°C. None of
these very weak iodine peakall of Fig. 4) appear in the
standard iodine tabléd. The iodine lines for the Ar-Il se-
quence[Fig. 4(a)] are consistent with the weakest of the
iodine lines reported in Fig. 3 of Seveast al*” is original

Ar-1l LIF work. The spacings in GHz between the LIF peak
and the nearest iodine cell peak are —0.40,-2.02, and +2.28
for Ar-1l, He-l, and Ar-l, respectively.

We have shown that LIF can be performed on argon
neutrals with the same compact, low-power, tunable diode
laser capable of performing LIF on argon ions and helium
neutrals. The measured iodine cell fluorescence spectrum in
a narrow frequency range around all three LIF schemes is too
weak to appear in the published iodine cell absorption tables
and is provided here as an aid to future LIF experimenters.
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