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ABSTRACT. We have used a variety of diode lasers to perform laseremddluorescence (LIF)
measurements that were the first to test the Bohm Criteriomédtiple ion species plasmas. These
measurements led to the discovery that a collective efifeation instability enhanced friction, is
important for sheath formation in multiple ion species pilas. New LIF schemes were pioneered
in order to complete these experiments with diode lasersh Ye¥spect to a new LIF scheme for
Krll, accessible to diode lasers, challenges remain figldimion flow diagnostic in low tempera-
ture plasmas.
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1 Introduction

Plasma sheaths are characteristic of all bounded plasnhey. afe electrostatic potential barriers
that form to provide a balance of electron and ion fluxes tondaties. The dynamic nature of
their formation and existence was asserted by both Langrhuénd Bohm P] each in their own
way. The plasma sheath is critical to the operation of allaEs/which depend on plasmas. Exam-
ples range from light sources to material processing plastogusion plasmas as well as objects
encountered in space physics. Langmuir and Bohm predibggctiie ions in single ion species
plasmas are supersonic at the sheath edge where theiradtty is given by = ¢ = /Te/m;,
whereT, is the electron temperature in eV amglis the ion mass. This requirement is how called
the Bohm Criterion.

Itis about 90 years since Langmuir defined the thin regioroozero space charge interposed
between the quasineutral bulk plasma and its boundary ahteth, and it may seem odd that ex-
periments that have tested theories of sheath formatioa dialy recently been conducted. These
experiments have waited on the development of a nonpenwrbpatially localized ion flow diag-
nostic, the tunable laser, to augment careful, and relgtivenperturbing, and spatially localized
electrostatic potential measurements made by emissilmepradSuch experiments were first con-
ducted in mid 90’s with dye laser§]} The advent of relatively inexpensive, and enormouslg les
resource intensive tunable diode laser systems made spehireents more feasible. This paper
discusses the first application of tunable diode laser syste the problem of sheath formation in
more general plasmas than the single ion species plasnaésdi®y Langmuir and Bohm, (indeed,
these were the first experiments to treat the problem of BHeamation in multiple ion species
plasmas experimentally, of any kind) and gives an overviavihe status of our experiments, in-
cluding recent work with a Krll ion flow diagnostic for low tgrarature plasmas.

These experiments have driven diagnostic developmentifidhl of diode laser-based laser-
induced fluorescence (dLIF). The motivation was the desirarnderstand sheath formation in
complex, general plasmas. The Bohm Criterion has been g@érest {4, 5] for the case of multiple
positive ion species plasma to give a conditiok {i(niocjz)/(neov%), when the ion temperature



T, <« Te, as is the case in low temperature plasmas. The subscrigers ite the speeds at the
sheath edge. This is one condition with as many variablekeasumber of ion species. For the
case of two ions, this condition admits a continuum of sohgiin which either ion may have an
arbitrarily large speed at the sheath edge. However, it wasmglly believed that sheath formation
would proceed in pretty much the same fashion as in singl@epplasmas, and that individual ion
species would reach the sheath edge at their own individabhBspeeds. There were a number
of theoretical works§, 7] that indicated that the Bohm Criterion held strictly ondy tollisionless
plasmas, and was an approximation that grew poorer and paatte finite collisionality. This

is one of the immediately obvious simple solutions to theegalived Bohm criterion. Given the
growing importance of plasma science and technology atutredf the new millenium, it seem
critical to us to put these basic ideas of plasma physicsatoest.

As mentioned above, the generalized Bohm Criterion is ngdometerminate. Beside the
simple solution that all ion species reach their individBahm speeds at the sheath edge, there is
is another simple solution, namely that all ions reach tmesapeed at the sheath edge, that is,
at the system sound velocity = (¥;[cZ,{nio/Neo}])*/2. Our experiments in weakly collisional,
weakly ionized plasmas containing two positive ion speerh comparable ion concentrations
have found conclusivelylP-14] that the generalized Bohm Criterion is satisfied, with aisoh
very close to the second simple solution.

The problem of course was that at the time we discoveredttiése was no theoretical basis
for preferring this solution to one in which all classes feattheir own Bohm speeds at the sheath
edge. Beyond, however, ion neutral collisions, the procdssheath formation in two species
plasmas involves streaming ions with different flow velest It was quite plausible to ignore
friction arising from ion-ion Coulomb collisions since theharacteristic scale lengths were much,
much longer than ion-neutral collision scale lengths in kiye@onized plasmas. Recently, Baal-
rud [10, 11] et al. theoretically determined the solution to the BohniteZion in a multispecies
plasma by including the effects associated with the presefidnstability enhanced collisional
friction between the ion species. In their prediction, tifeecence between the drift velocities of
the ion species at the sheath edge was small but nonzero,epetded on the difference in ion
concentrations. They showed that when the ion concemntisaice comparable in a two ion species
plasma, each ion species reaches the sheath edge at neaystbm sound speed. They also pre-
dicted that the small difference in drift velocity betwebr two species is insensitive to relative ion
concentrations fona,/ne between 0.2 and 0.7. When one ion species dominates, easpdores
is predicted to reach the sheath edge at its own Bohm veldsiéyreported the first experimental
test of this model14].

Baalrud et al. calculated the enhancement of the collisibiction associated with the ion-ion
instability, and incorporated that into the ion momenturaapn. They found that the collisional
friction would bring the two species’ drift velocities ckrstogether until the velocity difference
reached a critical velocity given by

[1+a |
AVC:VZ—V]_: W V—2|—l—i-(xv12—27 (11)

wherea = niM;/(npM3). Note that in the limit thaf; /Te — 0 both species are lost at the system
sound velocity. The theory made several approximationsrtast important of which was using
the fluid approximation foAV,.
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Figure 1. (a) Schematic diagram of the typical experimental setopS¢hematic diagram of the LIF exper-

iment: (1) laser head (2) iris, (3) iodine cell, (4) mechah@hopper, (5) periscope, (6) mirrors, (7) chamber,
(8) electrode plate and beam dump, (9) photomultiplier t¢b@) wavemeter, (11) chopper controller, (12)
laser driver, (13) oscilloscope and (14) lock-in amplifiene arrows indicate the direction of the signal flow.

2 Diode laser apparatus, and plasma discharge device

The experiments were carried out in a multidipole confingrderice shown schematically in fig-
ure 1(a). and is described in detail elsewhetd][ The base vacuum for most measurements was
approximately between 0.3—1udorr. Permanent magnet rows (peak fields, 0.1 T) with altarga
magnetic polarities, were mounted axially, but not on treneher end walls. Plasma was produced
by electron emission from 21 hot thoriated tungsten filaséditl mm in diameter, approximately
10 cm long) biased at60 V with respect to the grounded chamber. A stainless state pf radius
7.5 cm was located along the axis of the chamber biase®&@w. A 0.75 cm radius hole backed by
arazor blade stack used as a laser beam dump was locateccentiee of the plate. The plate was
displaced in a direction parallel to the incident laser béameasure the ion velocity as a function
of position from the plate, while the collection optics ahd photomultiplier tube (PMT) remained
fixed. In addition, a 8cm 12 cm razor blade stack anti-reflector was placed on the dxdgynal
collection of the PMT to reduce stray light reflection off ttteamber wall.

The LIF technique, is described in detail in many pladsdlthough its inclusion as a stan-
dard diagnostic for ion dynamics in plasmas date back taStpioneering effortsq]. In noble
gas discharges, one selects a metastable ion state knovenstafflziently populated in a plasma
discharge, directs a tunable laser light source througlpldmema so as to intersect a region in the
plasma to be diagnosed with the optical axis of a train ofectibn optics terminated by a fluo-
rescence collection detector, often a photomultiplieet(®MT). A narrowband interference filter
whose center wavelength matches the wavelength of the Sicemee transition reduces stray light.
Further details concerning noise-to-signal reductiomgighe lock-in technique we employed are
quite standard and are also described in detail elsewhd}fe Qur installation of LIF related in-
struments on our optics table is indicated in figli®).The wavelength of the laser itself is chosen
to match the energy gap between the metastable state anditeulestate possessing one dominant
decay (fluorescent) transition, which, preferably is atitlue end of the visible spectrum (to match
the peak sensitivity of many PMT's). These 3 energy levetsscammonly referred to as an “LIF



Table 1. Summary of LIF schemes in Arll accessible by available ditasers, ¢.1995-2000. For com-
parison, the standard scheme used by dye lasers is incliithsllist of course is not exhaustive; only the
schemes with the highest transition probabilities fromeketed states have been included. The metastable
state is state 1 in the 3 level LIF scheme. The fluorescenasiti@n connects the excited state (state 2)
with the state to which it decays (state 3). The absolutetsp@ous transmission probabilitidsg, A,3) and

the branching ratioff,3) for the fluorescence transition are also given. The lastroalgives the minimun
velocity resolution £v) of that scheme. All wavelengths are given for vacuum caooraft

Scheme Metastable Fluorescence Ao Aoz Aso Ao Boz  Av
no. state transition (nm)  (nm)(1®¥s1) (18 s (m/s)
1 3d'2Gy), 4p/2F7°/2-4§2D5/2 611.66 461.08 0.200 0.789 0.665 12.2
2 3d*F ), 4p4Dg/2—4s4P3/2 668.61 442.72 0.107 0.817 0.616 7|2
3 3d*Fy), 4p4D9/2-4s4PS/2 664.55 434.93 0.147 1.171 0.810 9|8
4 3d*F,  4p?DS,,-4s'R;, 688.85 434.93  0.009 1.171 0.810 0}6

scheme”. The scheme in common use for argon discharge Easintlae time these experiments
commenced required an excitation wavelength of 611 nm, nshcter than any commercially
available diode laser at the time. The industry standardliedk laser then was near 670 nm. Still,
it was decided that the experiments were to be done with dastes rather than dye lasers because
of the almost order of magnitude in cost savings, and the aliaedly reduced power and water
recourses required.

Finding an LIF scheme suitable for diode lasers in Ar disgbarwas pioneered by one of us
in collaboration with Edrich and McWilliamdlp]. We simply studied the energy levels of Arll and
found the metastable states following the rules of LS cogpland looked for excited states that
allowed for transitions accessible then to visible diodeta. These are shown in table 1. It is very
difficult to predict the population of a metastable state given plasma discharge. McWilliams
graciously put at our disposal a dye laser and the dye DO#Jldnd we simply explored for the
sought after schemes. We found those LIF schemes listectitabite, although we note that the
population of the4F9/277/2 metastables was found to be an order of magnitude diministled
tive the 3 269/2 metastable excited by the dye laser tuned to 611 nm. Morgavéhe Irvine
Plasma Torus1[7], (typical plasma parameters were: plasma demsity, 10t cm?, electron and
ion temperaturesly < 5eV, Q1 < T; < 2 eV) it was found that the minimum laser power sufficient
to produce a useful LIF was 15 mW, considerably in excess efdéiv m\W available in solitary
diode laser systems in either Littrow or Littman-Metcalftiopl cavities, the so-called extended
cavity diode laser systems (ecdl). We used a spatially magtehrad tandem system comprising a
tapered chip amplfier locked to an ecdl laser system, thekedcMaster Oscillator Power Ampli-
fier (MOPA) system. Our system furnished up to 500 mW of powternas with this system that
we began our work measuring ion velocity distribution fiows (ivdfs) in multiple ion species
plasmas in argon discharges in which Xe gas was added.

Eventually it became necessary to employ separate lasenedsure ivdfs for Arll and Xell
ions, without the aid of dye lasers (again for reasons ofsaghgs and so forth). Again, the typical
transition employed for use with dye lasers, at 605 A&j {vas not accessible to available diode
lasers, so we again developed a novel LIF schet@eduitable for visible (available) diode lasers.
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Figure 2. LIF scheme for Xell accessible by visible diode lasers &&@rnm.

This proved to be a thornier problem than was the case foredaskr based LIF (dLIF) for Arll.
The LIF scheme we settled on is shown in figR@), and it was found in much the same way, and it
was found simply by studying Xell energy levels in the litera. We estimated that at a wavelength
of 680.574 nm we could excite metastable Xe+ in the metaststiaite, 54(3P1)5d[3]7/2, to the
5p*(3Py)6p[2]2 |, State. The fluorescence transition would then be to tbfé35>1)63[1]3/2 state,
producing a detected photon at 492.15 nm (air wavelengths).

Once one has a scheme to test, one then looks to see if theabrieelen seen in the literature
(if one does not have the luxury of searching for the linedliyein ones plasma discharge with
a suitable light source). We did find referenc@d][(fast ion beam laser spectroscopy, FIBLAS)
to a transition from the putative metastable state to artexkatate at a wavelength near and in-
dustry standard red wavelength, 680.574 nm, although tbpliog schemes used for identifying
the spectroscopic terms were found not be uniform, henceviéifferent nomenclatures (jK and
LS coupling) shown in figure 3. It was found that there was aglisement in the literature be-
tween measured excited state lifetimes which exceededimgral error. Finally a re-evaluation
of the entire energy level structure of Xell was performed published 22]. It was found thaK
coupling is superior (the eigenstates, purer) to theL&doupling analysis, and that many excited
state misidentifications could be resolved. The resolutiomisidentified states attaching to our
LIF scheme is described elsewhel&]f we only want to point out that detecting fluorescence in
a FIBLAS experiment is no proxy for obtaining useful LIF sig® in any particular plasma dis-
charge. We simply bought an appropriate diode laser anddhfgpehe best. Of course it was an
extreme relief to acquire a good LIF signal (fig@€b)).

Two more aspects of the over all dLIF process are worthy of.n@iode laser technology
evolves at a pace consistent with its own economic drivarso(e which arenot the needs of



the spectroscopy community). By the later part of the 2Q0®s output power of ecdl lasers in
Littrow configurations had improved considerably, achigvoutput powers in excess of 20 mW.
Scime et al. 20] had pioneered their use. The footprint of the laser on thizgpable had shrunk
by roughly a factor of 100. Secondly, Scime had also condingeto use wavelength meters for
coarse wavelength tuning. Our absolute wavelength célilor@mployed an iodine gas cell along
with an atlas of verified absorption line®3. For coarse tuning, the Burleigh WA-1000 waveme-
ter proved invaluable. However, we found that simply repasing the wavemeter on the optics
table occasioned very slight displacements of measuredlemgyths (not to mention shipping the
wavemeter between labs) of order of 1 GHz, a trivially smadbant except in comparison with the
FWHM of an ivdf in a low temperature plasma, a difference ttmatld make a radical difference in
determining the fiducial line center for Doppler shift assesnts of ion velocity. Wavemeters are
vital, but so are molecular absolute wavelength calibratid/Ve calibrated our wavelengths against
measure fluorescence from our iodine cell and the measudetkiatlas’s of Salami and Rosz4|
and Gerstenkorn and Lu23], and found that there was a + 1.68 GHz shift between our medsu
frequencies and those of Salami and Ross.

Finally, we mention briefly that the ion velocity distriboi functions and their moments were
obtained from the LIF signals as follows. The IVDHy,,z), was obtained from the LIF signal,
f(Afq,2), a function of the detuning frequency, using the first ordeppler shift,

cAfy cAf

~ d —
oan® q =lebfa (2.1)

VZ —

wherev; is the ion velocityc is the speed of light), is the excitation wavelength at the line center,
fo is the excitation frequency at the line cent#&fy is the detuning from the line center. Thg
moment of the IVDF,

(V)" = / o:o(vz)”f(vz,z)dvz/ 1 Z (3, 2)dvs. 2.2)

was used to compare with theory. It was assumed that the itestable state is in thermal equi-
librium with the ground state ion.

3 Comparison with the new theory

The first LIF measurements in a two-ion species plasma weferpeed on Arll ions in an Ar+He
plasma Bar ~ 0.1mTorr, 0 < Pye/Par < 25, and 0< nye+ /Ne < 0.5, Te < 2 €V), and were reported
by Severn et al.Z5] The results were surprising and unexpected. LIF measureneearly showed
that the rms speed of the Arll ions exceeded their own Bohragp&he measurement technique
was directly compared with that in pure Ar plasma to see isihgle Bohm Criterion was satisfied
at the sheath edge, and it was, within experimental error.

The rms speed (requiring an estimate of the 2nd moment ofvtitfe was compared with
theory since in Bohm'’s original work, the criterion was hs® a minimum kinetic energy con-
dition required of ions for the sheath to form, rather tharoa ftondition. A family of measured
ivdfs is shown in figure3 (a), and the rms speed as a function of position relative édotiund-
ary plate (along with an electrostatic potential profile mwad with an emissive probe) is shown
in figure 3 (b). It was hard to escape the conclusion that Arll ions falbithe sheath moving
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Figure 3. (a) A family of ivdfs for the two ion plasma (Ar + He). The ior@ustic speed of the two ion
plasma in the bulk plasma is given by,. (b) The plasma potential profile for Ar + He plasmas reveals
that the rms velocity of the Arll ions is well beyond the inidival Bohm speed;;, and approaching the ion
sound speed of the system (as measured in the bulk) at thih stzge.

significantly faster in the Ar-He plasma than they do in theep@ir plasma, by more than 75%
faster, indeed, reaching the ion sound speed of the bulknaldwithin error). We note that in these
experiments the ratio of the densities of the two ions wasecto unity.

Since we had no LIF scheme for Hell (it is still the case thatéhis no viable LIF scheme
for Hell suitable for diode lasers), we could not be sure Wwaethe generalized Bohm Criterion
was satisfied, and if, as a result whether the He ions werdiirgathe sheath edge at a speed
much reduced compared with their individual Bohm velocityoccurred to us to the try Ar + Xe
mixtures to see if Arll ions would behave in those plasmas easwmised was the case for Hell
in Ar+He plasma. We also aimed at finding a new LIF scheme fdr %&described previously in
order to test the generalized Bohm Criterion. In a seriexpéements reported by Leé&2, 13,
it was confirmed that Arll ions reach the sheath edge at speed$ reduced relative to their
individual Bohm speed, and once we were able to perform X#& heasurements, we verified
that in a two-ion species plasmas of small but finite collisidy, the generalized Bohm Criterion
was satisfied, within experimental error, in the equalitjhatsheath edge. We verified that when
the concentration ratio is close to unity, both ion speagdisirito the sheath at speeds very nearly
equal to the ion sound speed of the bulk plasma. A family of Kefs is shown in figuret (a), and
an axial profile of speed of both ions (along with the eledttis potential profile measurement,
locating the sheath edge) is shown in figdri).

At this point, we recognized that something was wrong. The®med to be a kind of flow
locking mechanism that kept the ion flows at comparable spakdlong the presheath, one which
could not be accounted for by ion neutral collisions, as rafrike resonant or non-resonant charge
exchange collision lengths were equivalent. Not long dfiex, a new theory of sheath formation
which treated ion-ion flow instabilities arose. Along witis lcollaborators, a former student from
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our group, Baalrud et all1p, 11] was able to show theoretically that the ion-ion flow insliapi
significantly enhanced the effective Coulomb friction be#w the two flowing species, providing
for an interaction between the ion classes that effectisieiyed the one and accelerated the other,
a collective effect that we had seen in the experimentaltgesu

A series of experiments reported on by Yip et dl4,[ 26] then focused on a comparison
of the experimental measured drift velocities for argon gedon ions versus relative argon ion
concentration with theory curves based on the predictiéiaalrud at el. The data displayed are
moment calculations of ivdfs with the observed xenon iongerature of approximately.05 eV
and argon ion temperature of approximatel®4B eV. The dashed theory curve gives results in
which a fluid theory was used to express the dispersion oeldtr the instability while the solid
curve represents the use of the same dispersion relatioacted for finite ion thermal effects.
The revised version of the theory assumed that the ivdfs Wepavellian, and predicted that the
magnitude of the ion drift velocity differences were given b

AV, = —§|VT2 —vra|+ \/; (VTl +VE,+ :211 Vit :112 T2> (3.1)

It was apparent that the observed drift velocities and tleeliption were in excellent agree-
ment. This provided strong support for the argument thaabilty-enhanced collisional friction
between ion species in the presheath of weakly collisiolzinpa with two ion species causes both
ion species to be lost at close to the system sound veloo#tlyawide range of relative concentra-
tions (see figur®). It also shows that when the concentration ratios are \&gel each species is
lost at close to its own individual Bohm velocity, which wéself a new experimental result.

4 Development of a Krll ion flow diagnostic and the deconvoluibn problem

We sought to test a new ion for analysis, Krll, in order to tmg 8 ion problem of sheath forma-
tion [27] and we chose to test a new LIF scheme requiring excitati@m 29 nm, which at the
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the dashed dotted line.

time of our proposal in 2009 had not, to our knowledge, beegessfully subjected to LIF anal-
ysis in low temperature plasmas using diode lasers. Kryptmhbeen a focus of attention in the
Hall Thruster community as a reasonable propellant to gutestfor xenon, which is much more
expensive. Recently, some excellent work done with dioderlaased Krll LIF measurement ac-
quired in the plume of a 200 W laboratory BHT-200-X3 Hall efféhruster has been published
by Hargus et al. 28] using the LIF scheme that we had proposed, exciting fromntletastable
state 4%4d*D7, — 4d45p4P‘L§’/2 — 4d*4d*P; ,, with an excitation wavelength of 728.98 nm (air),
and with a fluorescence wavelength of 473.90 nm. The unfgldfrihe ivdf from the LIF signal is
complicated by the presence of isotope shifts, along withifperfine splitting of an odd A isotope
(83Kr36). Only 6 of the known isotopes are of significant fractiomapprtance in naturally occur-
ring krypton, as shown in figuré (a). The problem then is one of deconvolution, where one aims
at finding the frequency space line spreading function {8 ithat attaches to the line spectrum
(which the isotopes compose) from the measured LIF signia quantum physics of the energy
levels involved in the excitation transition is well deberl in Hargus, et al2B]. A key feature in
the deconvolution process is the ratio of the thermal Dopmleadening and to the isotope shifts
between the central most prevalent isotdff& (36) and its satellite lines. The isotope shifts (in this
case, roughly 0.4 GHz on either side of the main peak) setrateimperature above which decon-
volution algorithms tend to work smoothly. The Hall Thruspdasma ion temperature was found
to be in excess of 5000 K (corresponding to a FWHM Doppler éeomg of 2.3 GHz) and they
reported that there was no essential difference betwednhsignal and the deconvolved ivdf.

In our case, the ions are typically an order of magnitudeampaVvhich makes the deconvo-
lution much more difficult. We measured the LIF signal in thékbplasma in a Kr discharge
plasma, with neutral pressure of 0.56 mTorr, an electrorpégature and density of@+ 0.1 eV,
and 33 x 10%cm 3, respectively. The FWHM of the LIF signal (1.1 GHz) corresged to an
ion temperature of about 1,100 K, much hotter than is typiaalons in such discharge devices,
and so we had clearly seen the effects of the thermalizedgeathift contributions. By simply
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Figure 6. Kr Il LIF signal in the bulk plasma consistent with an ion feanature of 1,100K, Doppler
broadened FWHM 1.1 GHz, modeled by the simple sum of 3 Maxavedlwith FWHM’s of 0.8 GHz, or
580 K.

fitting Gaussians for the central 3 most prominent isotopgsch account for 85% of a naturally
occurring Kr) we were able to approximately fit the measurdedignal, as shown in figuré (g).

But fitting Gaussians cannot help unfolding of very asyminaétdfs we expect to find near the
sheath edge. The LIF signal convolves isotope shifts, thespreading, and and secular drift due
to fluid flow, and each of these effects are of the same orderaghitude. The ion drift velocities
are expected to be the order of the ion sound speed, whichdoiren temperatures typical of
thermionic discharges in multidipole confinement devicedg for Krll a speed of nominally
1km/s and a Doppler shift of nominally 1 GHz. At the sheathesd@ expect therefore that the
details of the shape of an asymmetric ivdf distended on twevigocity side by charge-exchange
collisions, convolved with isotopes shifted from each othg gaps of nearly the same order of
magnitude, and along with a thermal spread also of the néaglysame order of magnitude may
get lost in an LIF signal that will not look like the underlgrivdf.

What we have accomplished so far is the implementation ofisenolerant deconvolution
algorithm, Tikhonov Regularizatior2], following the work of Hargus et al., with a focus on
the signal we've measured in the bulk plasma far from thetbhedge. Our results are shown in
fig 6 (b)—(f). The panel (a) shows the input isotope line speetna, the measured LIF signal (d).
Panels (b) and (c) show the deconvolved ivdf both with antdavit Tikhonov regularization. Pan-
els (e) and (f) show the reconvolved signals (the ivdf coreoiwith the line spectrum matrix, to be
described presently) compared with the measured LIF sigrditating the effect of (amelioration
of) noise. Briefly, Tikhonov Regularization is a proceduserhaking a digital deconvolution more
robust with respect to the presence of noise. One wants tweeby deconvolution a line broad-
ening shape, that is, the ion velocity distribution funetidesignated as the digital arrayfrom a
digitally measured LIF signal, designated as the almayhere one models the signal measured as
a convolution (operatod) of the isotope spectra and the ivé = b, where A is ann x n matrix,
and wherex andb are column vectors with elements. Deconvolution is ‘simplx = A~ 1b.

The convolution operator, row by row, is essentially a sliftecord of the isotope spectra.
The problem of course is that many of the eigenvalues of theixm&aare inevitably small and are
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made less well known by noise (in the measured signal), winizkesA almost uninvertible. One
ameliorates their effect through a singular value decoitiposof A, A =UXV*, whereU andV
are unitary matrices, and then one attempts to filter outritutions of the tiniest ith singular value
of the matrixZ using afilter factor, f; with a ‘regularization parameter'q, fi = 02/(g? +a?),
yielding a modified matrix'¥, and giving an approximation of the desired inverted matixt =
VW~IU* that minimizesAx — b element by element. In the bulk plasma our deconvolved wif i
good agreement with the Maxwellian fit, but with the poséipibf deconvolving arbitrary ivdf’s
at the sheath edge. The problem of course is that techniqua isp to recovering truly arbitrary
functions. We also have seen the deconvolved ivdf's in tHk look essentially the same as the
LIF signal, although we don’t expect this to be the case asti@ath edge. This is the challenge
that remains in making the technique really work.

5 Summary

The dLIF measurements described here were the first measntgiwf any kind to test the Bohm
Criterion for multiple ion species plasmas. They led to tiseavery that a collective effect (ion-ion
instability enhanced friction) is important for sheathrf@tion in multiple ion species plasmas, and
this in turn has lead to a new way of thinking about sheath &ion. Further, dLIF measurements
have for a long time been useful for measuring fluid-theorgtiantities, and these measurements
are among those that have played a role in verifying quastitif direct importance in kinetic
theory. At every step in this particular avenue of reseanahhad to develop new LIF schemes
suitable for diode lasers in order to accomplish the measemés, and in particular, the Krll ivdfs
are among the first measured in relatively low temperatuasrphs. The problem of realizing a
Krll ion flow diagnostic in low temperature plasmas near pladoundaries is still in process.
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