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Using laser-induced fluorescence, measurements have been made of metastable argon-ion,
Ar**(3d*F,,), velocity distributions on the major axis of an axisymmetric magnetic-mirror device
whose plasma is sustained by helicon wave absorption. Within the mirror, these ions have sub-eV
temperature and, at most, a subthermal axial drift. In the region outside the mirror coils, conditions
are found where these ions have a field-parallel velocity above the acoustic speed, to an axial energy
of ~30 eV, while the field-parallel ion temperature remains low. The supersori& (8d*F-,)

are accelerated to one-third of their final energy within a short region in the plasma cefunom,

and continue to accelerate over the next 5 cm. Neutral-gas density strongly affects the supersonic
Ar**(3d*F,,) density. © 2003 American Institute of Physic§DOI: 10.1063/1.1568342

I. INTRODUCTION magnetic fields, like the magnetic-mirror geometry, may cre-
ate a directed supersonic plasma stream flowing out of the
Helicon wavé physics is important in diverse areas region of high field strength. An early study of Q-machine
ranging from planetary plasmas to particle accelerators teesium plasmas expanding along a magnetic field of decreas-
materials-processing applications. The numerous applicang strength showed acceleration to %.¥0° cm/s over a
tions, and the desire to understand the basic physics of helifistance of 50 cm? These results were interpreted in terms
con waves and the plasmas formed by them, have motivatesf a “magnetic Laval nozzle” with isothermal particles. Ar
extensive studies of helicon-wave propagation and absorgxpanding from ECR-created plasmas showed acceleration
tion, with emphasis on the resulting electron energy distributo 16 eV, attributed to a presheath in front of a metal plafen.
tion (EED).? Laboratory helicon experiments typically pro- Some subsequent Q-machines did not show supersonic flow,
duce plasmas of density ¥9-10" cm 2 with electron even with inhomogeneous magnetic fietdsyhile magne-
temperatures in the range 3—-10 ®¥%)nd ion temperatures tized and unmagnetized Laval-nozzle-type plasma experi-
below 0.5 eV Tenuous electron beams with energies up toments in other configurations dfd. Hall-effect magnetic
~100 eV have also been documentéthis paper reports on nozzles have accelerated helium and hydrogen plasmas to
energetic ion beams formed during the expansion of a helivelocities of order 10cm/s in a distance of 20 cff.In
con plasma from a magnetic nozzle. Mechanisms responsibl@arked contrast, a Q-machine experiment in a double-
for an observed low-energy metastable-Ar-ion component iplasma-devicd DPD) configuration, showed a thin double-
the expansion region are also discussed. layer electrostatic structure with lower potential at the mirror
These results are especially relevant to a recently propoint, implying rapid ion acceleratiomto the region of
posed application of helicon plasmas: generating intensdigher field strengtfi’
collimated, and sustained supersonic plasma streams for Experiments on double layers in magnetized DPDs mea-
spacecraft propulsion, particularly to remote plafeEor  sured ion and electron energy distributions with gridded en-
propulsion, ion momentum is the relevant parameter. Previergy analyzers and Langmuir probes inserted into the plasma
ous helicon plasma experiments have shown, at most, ioand found, even in the absence of a magnetic-field gradient,
flow at the ion thermal spedd® Consequently, some re- energetic ion beams attributed to spatially inhomogeneous
searchers consider auxiliary heating necessary to generaaed anisotropic EED¥'° The EED may be quite different
the higher ion energie@xhaust velocitigsrequired for im-  in the denser helicon plasmas than those in DPDs or
proved propulsiorf? though the propulsion community has Q-machines. Hence, it is possible that double layers or
long been aware that ions in a plasma can be accelerated Isypersonic-Laval-nozzle conditions would not form in
electric fields created by ambipolar fldw. magnetic-mirror helicon plasmas or, if they do form, may be
Since the 1960s it has been known that inhomogeneou# a region not optimal for generating directed plasma ex-
haust streams. The present paper is the first to report on
aE| o spatially resolved noninvasive measurements of supersonic
ectronic mail: scohen@pppl.gov . . . .
Ppresent address: 211 Allison Laboratory, Department of Physics, AuburtPn flows created in helicon-wave-heated plasmas without
University, Alabama 36849. the use of accelerator or auxiliary-heating techniques. These
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nozzle gion (ER). The beam of a diode laser

is directed along the MNX axis, allow-
ing LIF measurements throughout
MNX. (b) Scanning mechanism for
the LIF collection optics allows 12
lines-of-sight(LOS) intercepting axial
points in the ER near the nozzlé)
Axial magnetic field strength near the
nozzle coil.

a) Magnefic Helmholtz coil pair
nozzle .
coil LOS-M I;ﬁgfn
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lasar M1 Ri.15 : —
|Ililiiii!!iii!/13/—g‘;l/ Plasma | P’ia
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awpP e xpansion re t 1.1 Mcm_hgr_rlb_gl_'l : Argon plasma is formed by absorption
Pyrex tube Helicon of helicon waves launched from a
Chopper v ﬂ antenna double-saddle antenna. The plasma
[ Vi | V3 | flows through the main chamber along
P2 I magnetic field fines created by a set of
G f | P Helmholtz coils. The plasma then
baam lil// . I 3 flows through metal aperture M2 and
Magnetic I the nozzle coil into the expansion re-
|
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studies include the parameter rangg./w..=1 in which  three metal disks, labeled M1, M2, and M3 in Figajl
double layers are uncomm@nand also explore ranges of which may be electrically biasedIn the experiments de-
magnetic-field gradients and mirror ratios which might in-scribed here, M1, M2, and M3 were left electrically floating.
hibit flow. Biasing M1 had little effect on the plasmas or LIF results;
Our experiments rely on the laser-induced-fluorescenceonnecting M2 or M3 to ground required more rf power
(LIF) technique for noninvasive and precise measurement@put to sustain the plasma but had little effect on the LIF
of ion velocity distributions? To measure velocity distribu- results) The disk M2 has a 1-cm-i.d. hole which limits both
tions by LIF, the laser frequency is tuned over a range corthe plasma and neutral gas flow into the ER. In the absense
responding to the Doppler-shifted line resonance of ions opf plasma and in conjunction with the ER puffi®2, see Fig.
atoms moving with velocityy. A novel, inexpensive, low- 1(g)], the low conductance of M2 maintains up toxalo
power (10 mW), tunable, solid-state diode-laser system isjower pressure in the ER compared with the main chamber.

22 . .
used- Closing valves V2 and V1 allows controlled increase of the
pressure in the ER. Pressures are measured in the main
Il. EXPERIMENTAL SETUP chamber and the ER by two capacitance manometers with

The experiments were performed in the Magnetic-accuracies of=0.1 and+0.001 mT, respectively.
Nozzle-Experimental facilityMNX), Fig. 1. Steady-state ar- At low Helmholtz fields,B};=300-1200 G, MNX sta-
gon p|asma is formed by a helicon antenna of the doub|eb|y operates In the helicon mode over a wide range of main-

saddle type placed around a 4-cm-i.d., 30-cm-long Pyreghamber pressures, from 0.4 to above 30 mT, at rf powers
tube. The~4-cm-diam plasma flows along the magneticffom 200 to over 2000 W. For reasons that will be clear later,

field formed by a Helmholtz-coil pair placed coaxially the results described herein were obtained near the lowest
around the 45-cm-long, 20-cm-i.d., stainless-steel mairfnain-chamber pressure. The helicon antenna was operated at
chamber. The plasma exits the main chamber through th6.75 MHz. Negligible rf is detected in the ER, because of
coaxial 2-cm-i.d., 3-cm-long nozzle coil used to control the€fficient helicon absorption and because of M2. Langmuir
field gradient and mirror ratio. Figure(d shows the axial probe spatial scans along LOS4®e Fig. 1a)] showed that
field strength near the nozzle at a Helmholtz coil current othe plasmas in the main chamber achieved ion densities up to
50 A and nozzle current of 400 A, typical of experimental ~2x 10" cm™3 and electron temperatures of 4-9 eV. Probe
conditions in this paper. characteristics showed the signafuoé 50—100 eV electron
Exiting the nozzle coil, the plasma enters a 10-cm-i.d.beams in both the main and expansion chambd?sobe
100-cm-long Pyrex tube termed the expansion red®R).  measurements in the expansion chamber were along LOS-
The ER has 15 internal 4-cm-i.d. coaxial copper rings, ofl2, see Fig. (b).] The floating potentials of the copper rings
which eight may be electrically biased. Additionally there arein the ER were typically—40 to —120 V, further evidence

Downloaded 27 May 2003 to 198.35.5.64. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



Phys. Plasmas, Vol. 10, No. 6, June 2003 lon acceleration in plasmas . . . 2595

for electron beamgBiasing the rings ta=40 V had negli- 0 A P L L T B e o L
. : . ‘P =830 W LEP
gible effect on the LIF results, all of which pertain to plasma Lt —o| |+o
on the MNX axis) [B,=600G; B =625G :
To permit measurement of the field-parallel*Arveloc- 04 -P_ ~015mTorr; P_~0.6mTorr ". -

ity distribution in MNX, the elliptical-cross-section (5 mm

X1 mm) tunable diode-laser beam is directed along the
MNX magnetic axis. Optics to collect the fluorescence emis- ®
sion are located on both the main chambevo lines-of- B
sight, LOS, Fig. 18] and in the expansion chambfypi- i
cally 12 LOS, Fig. 1b)]. One main-chamber LO8 OS-P E |
collects photons from a segment of the plasma in the centey. 92 -
of the chamber; the other, LOS-N, collects photons from the= I
plasma near M2 and extending 1.2 cm back into the main ‘ HEP  components
chamber. Scanning optics on the ER allow LOS which inter- o1 | —c| |'+G
cept the laser beam from 1-cm from the nozzle-coil midplane
to 12 cm from its midplane, as well as beyond, gesxis in

A =668.614 nm

03 | -

Fig. 1(b). A ; . W
The 1.5-MHz bandwidth Sacher LaserTechnik diode la- 0 20 16 12 8 4 0 4
ser may be coarse tuned in wavelength from 662 to 674 nm Frequency shift (GHz)

allowing excitation of the 668.614 nrizero-field, vacuum

transition 314F7/2—4p4D5/2 of Art* .22 Finer tuning, over a  FIG. 2. Laser-induced fluorescence amplitude vs frequency shifz at

. P - =1cm in the ER. 0 GHz corresponds to the unshifted quartet
maximum 0.4 nm wavelength range, is accomplished man d*F,,—4p*Ds, wavelength. The Zeeman effect splits the quartet ifto

ally or automatically, by changing the voltage on the Iaser’Sand — o components. Peaks near 0 GHz are termed the low energy peaks
internal piezoelectric crystal. A photomultiplier with 1-nm (LEP). Peaks with frequency shifts greater tha GHz are termed high
transmission filter centered at 442.7 rivmcuum collects  energy peak$HEP).

emission from the 442.7 nm fluorescence transition,

4p*Dg—4s*Pg,, with an Einstein coefficientA=9.856

x 10" s 1.2° The Zeeman effect from the Helmholtz and sponds to 668.614 nm, i.e., the unshifted ljriéor each pair
nozzle coil fields separates the 668.614 nm transition into si¥n each wavelength range, the QWP was used, first to create
+ o, six — o, and sixar components. To reduce the complex- a RCP beam, then a LCP beam. The experimental conditions
ity of the LIF spectrum and increase signal/noi§¢N), the  were: absorbed helicon power830 W; LOSz=1 cm;
linearly polarized laser beam may be passed through 8,=600 G;By=625 G; ER pressurpgg~0.15 mTorr; and
guarter-wave platéQWP), oriented to convert the beam into main chamber pressurgy,~0.6 mTorr. Langmuir probes
either right- or left-circularly polarizedRCP, LCB light for ~ showed the on-axis electron density and temperature to be
exciting either the+ or — o transitions. Thecircularly po- 6=2x10 cm™2 and 7.6-0.2 eV in the main chamber and
larized laser beam is then modulated a4 kHz by a me-  2.6+0.4x10"°cm 3 and 9.3-0.3 eV atz=10 cm in the
chanical chopper, for lock-in detection of the 442.7 nm fluo-ER. Note that3=872_; .n;KT; /B?<1.

rescence. This LIF system operates well within the Each LIF scan shows a peak. The two prominent peaks
unsaturated mode wherein the LIF signal is proportional teseparated by+1.4 GHz from 0 GHz are thet and —o

the laser intensity and thed3F,,, metastable population in Zeeman components of codl(;~0.2 eV) Ar'*(3d*F).

the detection volume, i.e., observation volumigadiation  The 12 separate Zeemancomponents, whose amplitudes
volume, that is in resonance with the laser. A single waveand spacing are shown in the figure, are not resolved due to
length scan is usually limited to a mode-hop-free region ofDoppler broadening and magnetic-field variation over the
0.021 nm(14 GH2 and is performed in~60 s; 1000 data spatial extent of the detection volume. These two peaks cen-
points are recorded. A set of observations of a single plasmtered about the unshiftedd3F,—4p*Ds, transition are
condition typically includes scans over several adjacentermed the low energy peaksEP).

wavelength regions in the range 668.580—668.660 nm, both Two additional peaks are seen in the redder part of the
with and without the QWP inserted. Using orthogonal QWPspectrum, at Doppler shifts of 8 to —20 GHz. The center
orientations allows the Zeeman splitting to be measured andf this pair of peaks is at 13.5 GHz, corresponding to an
the (unshifted line center to be identified. The laser wave- axial energy of 1% 2 eV. These peaks are referred to as the
length is measured with two Burleigh wavemeters, one achigh energy peakéHEP). The HEP show a tail on their low
curate to+=0.001 nm, the other ta- 0.0001 nm. energy side.

The first question is what are the sources for the LEP and
the HEP at this position in the ER. Possible sources for
Ar**(3d*F5,) in this detection volume argl) combined

Figure 2 shows a set of four LIF amplitude vs wave-ionization/excitation of cold Ar neutrals by the plasma elec-
length(frequency scans at LOS-1 in the ER. Two were over trons(both thermal and beam-like(2) excitation of A" by
the range 668.603—-668.624 nm and two for 668.625-the plasma electrong3) cascades from higher Arexcita-
668.646 nm,+0.001 nm. (0 GHz on the abscissa corre- tion levels; and4) flow of Ar™*(3d*F,) along or across

IIl. RESULTS AND DISCUSSION
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G ‘ ‘ R Dk l ' cient y=5/3. Note that az=5.5 cm, the magnetic expan-
E 3 _;____;__ l _ __l. - sion is only a factor of 3 from the nozzle throat. The data
3 & -+ " LEP energy, E ' clearly show greater ion acceleration near the nozzle than the
x - HeR simple Laval-nozzle model predicts.
G L 4 —— The continuing increase in ion energy withis in quali-
C PO [_‘E,', amplitude ] tative agreement with the prediction of Ref. 11, based on an
g/ ambipolar-flow, thermal-conduction model. Quantitative

agreement with Ref. 11 for the ratio of final ion energy to
upstream electron temperature can be achieved by selecting

redicted | the location of transition to supersonic flow to be at
” : { EPamplitude | _1 cm. The MNX data do not show the axial decrease of
HEES;‘,’,‘?P,HUC,;%‘ electron temperature predicted by this thermal-conduction
;L p=ooow ‘\}‘ | model. .
-t L : Spatial scans for 4G8P,=<1200 W and 30&By
f B =885 B =1400G ] <1200 G showed similar results, that the HEP amplitude
- PEH=0].135 mTorr; P, =0.5mTorr - falls and E,gp rises withz. The parallel ion temperature,

IR T T T ekl |

LEP and HEP Amplitudes (arb), E

p 3 g ; N estimated from the LIF full width at half height, also rises
Distance from nozzle (cm) with z. LEP spatial scans show a more complex behavior
whose discussion is deferred to a later paper.

FIG. 3. L.EP and HEP amplitudes and I'!EP energy vs di'stanc_e from the LIF measurements in the main chamber, a|ong LOS-P

et i - oo ot e svaruend LOS-N, oy showed a lear LEP,never a HEP. The on

by collisions with neutrals. emperatures were in the ranges 0.04-0.12 eVTigrand
0.05-0.5 eV forT; , . The axial drift of the At * (3d*F)

in the main chamber was small, comparable or less than the

the magnetic field. lons of the latter type may gain energy ifon thermal speed. We conclude that the HEP is due to ions

there is a potential difference between locations. Deexcitaf—iccelerated during their passage throughthe nozzle. Later we
tion of the metastables—also called quenching—by colii-Shall note why the bulk ions in the main chamber do not
sions with neutra® may occur. Two-step processes maynecessarlly have the same negligible drift velocity as the

also contribute to the Ar* (3d*F,,,) population but are gen- Metastable ions. _ _
erally less important than the processes named above. To understand the behavior of the HEP amplitudgge)

We shall now present evidence that the HEP is due tS Z it is necessary to includet least effects of magnetic
Ar** (3d*F;,) formed within a few mm of the M2/nozzle in fi€ld expansion, ion-energy gain with and Ar* (3d*F 7))
the main chamber and accelerated through the nozzle arf@llisions with the background neutral gas. To address these,

that the LEP is due to ionization of background neutral gasR 9@ pressurépeg, and nozzle-coil field strengttBy,
by plasma electrons in the ER. were changed and characteristics of HEP and LEP in the ER

If the p|asma in the expansion region were due SOler tgvere measured. For the same Helmholtz field as in Flg 3 but
plasma bound to field lines and directly flowing out the ©nly 440 W of helicon power, Fig. 4 shows that the LEP
nozzle, then the LEP and HEP amplitudes would decreas@rightness az=2cm grows linearly withpgg in the range
with increasingz because of field expansion. As shown in 0.2—2 mTorr(at constanpy), consistent with a picture that
Fig. 3, the HEP amplitude—actually the area under the HERhe low energy At *(3d*F;;,) are created by ionization of
peak fromE=6 to 40 eV—does decrease with distance buthe neutrals in the ER. In contrast, the HEP decreases expo-
the LEP amplitudgthe height of LEP peakgrows with in-  nentially with pressure, with a &/characteristic fall-off at
creasing distance from the nozzle. This is the first piece opressure increments ofp,=0.274 mTorr. Assuming the
evidence that the the LEP is not simply plasma directly flow-neutrals are in thermal equilibrium with the wall because of
ing from the nozzle(The operating conditions were similar the low pressuregp, yields a collisional quenching-cross-
to those of Fig. 2: absorbed helicon powr=900 W; B,,  section of the metastable stafg,=515+100 A?, about a
=575G; Bn=1400G; pgg=0.135 mTorr; and py factor of 2 larger than that measured for the metastable state
=0.5 mTorr.) The energy of the HEP peaK,gp, also Ar'*(3d?Gy,) at 0.1-5 e\** (Perhaps it is more proper to
shown in Fig. 3, increases with increasing Close to the call our measurement an effective-quenching-cross-section
nozzle the energy is about 11 eV, at the farthest position witpecause collisions with neutrals might also cause radial
adequate S/N to measulgcp accuratelyz~5.5 cm,Egp  transport, or collisions with electrons might cause quenching,
reaches 30 eV, corresponding to a Mach number of about Both resulting in an attendant decrease in LIF signédle
for T.=7 eV, the bulk electron temperature in the mainthen calculate the predicted HEP amplitude as a functian of
chamber. assuming the Afr* (3d*F-,,) remains on field lines and in-

In the Laval-nozzle picture, ions would attain the soundcluding Q,, and the measured-dependence oE.gp, i.€.,
speed \T./m—corresponding to an axial energy of 3.5 feo" ApepdExB(z)exd —znQml/Edce, Where the 34 eV
eV—at the nozzle throat and a maximum energy at infiniterange-of-integration for energy includes the broadening of
expansion ofyT./(y—1)=17.5 eV for a polytropic coeffi- the HEP with distance), is the neutral density, anl(z) is
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The experimental conditions ard3,;=1200 G; absorbed
helicon power P=450 W; LOSz=2 cm; low ER pressure
0.15<pegr=0.2 mTorr; high ER pressure 0.%pcr
=<0.85 mTorr; and main chamber pressymg~0.8 mTorr.
Ranges ofpgr are given becauspggr increases when the
nozzle-coil current is increased, apparently channeling more
plasma into the ER. Though increased magnetic-mirror ratio
at the nozzle coil might be expected to reduce the flux
through the nozzle coil, this is not the case. We note that the
4-cm-diam of the plasma column in the main chamber is
wide compared to the 1-cm-diam M2 orifice and that ions in
the main chamber are collisional; both these facts act against
decreased ion transmission at higher mirror ratios. The am-
plitudes of the HEP at both low and high pressure increase
approximately proportional to the magnetic flux through the
nozzle coil. The LEP at low pressure also increases linearly
with nozzle field strength. The percentage increase in LEP
amplitude can be explained by two effects: the increase in
per due to the nozzle coil and, more importantly, the in-

FIG. 4. Dependence of HEP and LEP amplitudes on expansion region preg—rease in plasma denSMDOth thermal electron and beam

sure atz=2 cm in the ER.

the field strength at a poirt. As shown in Fig. 3, the pre-

electron densitiesn the ER. Discussion of the LEP behavior
at high pressure is deferred to a later paper.

For the low-pressure nozzle-field scan, the HEP S/N was
sufficient to allow precise measurements of energy. After an

dicted result decreases less rapidly with distance than doesitial drop of 6%, E,gp Stays nearly constant as the nozzle
the measured LIF amplitude. Possible causes for the discrefield is increased at a factor of 5. At zero nozzle current, the
ancy are radial transpoft,though not that caused by colli- mirror point is atz= — 10 cm[see Fig. {c)], while at higher
sions with neutrals, and quenching by electron impactcurrents it moves ta=0 cm. If the ion acceleration to above
(Low-B, axisymmetric plasmas are expected to follow field11 eV occurred at the mirror point, then we would expect
lines) The observed continuing ion acceleration with in- appreciable quenching at zero nozzle current, because of the

creasing is qualitatively as predicted by several grodp&®

0.8 mTorr pressure in the main chamber and the 12-cm dis-

The final result reported in this paper is the effect of thetance to the detection volume. Thus these data localize the
nozzle field on the metastable ions in the ER. Figure 5 showgegion of the HEP energy gain closer to M2 than to the
the behavior of HEP and LEP vs the nozzle field strengthposition of the mirror point.
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From the low value of ion temperature in the main
chamber and the lack of increased ion energy at higher
nozzle fields, it is seen that both the ion acceleration in the
nozzle and their continuing parallel acceleration in the 5 cm
beyond the nozzle are not due to ion pressure or magnetic-
moment conservation, but to an axial electric field. The more
abundant thermal electrons seem a more likely source for the
electric field than beam electrons, based on the maximimum
observedE, .p~4T,. The short length of the M2/nozzle ion-
acceleration regionss1 cm, leads us to suggest that a double
layer exists theré’ The boundary between the main-
chamber plasma and the expansion-region plasma is estab-
lished by metal plate, M2, rather than by the throat of the
nozzle magnetic field. The near-nozzle/M2 electric field
should cause cold electrons created in the ER to flow back
into the main chamber. We estimate that drag created by such
electrons would have little effect on the HEP ions.

For the experiments reported here, the helicon was typi-
cally operated atpy,~0.5 mTorr and a resultant neutral-
induced collisional quenching mean-free-path for the

FIG. 5. Effect of nozzle magnetic field strength on the LEP and HEP am—3d4|:7/2 metastable state Ofn,* <1cm. Operation of heli-

plitudes for two ER pressures. The energy of the HEP at pew is also
shown. The absolute value of energy is uncertaintt® eV; the relative
value to*=0.4 eV. The plasma conditions wekRs=450 W, B,,=1200 G,

and LOSz=2 cm.

con discharges at higher pressures, above 2 mTorr, results in
A« = few mm. At these higher pressures, LIF may be less
applicable to the diagnosis of certain phenomena, e.g., accel-

Downloaded 27 May 2003 to 198.35.5.64. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



2598 Phys. Plasmas, Vol. 10, No. 6, June 2003 Cohen et al.

eration in a nozzle or perhaps ion heating, which might take  This work was supported, in part, by U.S. Department of
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