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Abstract: Laser-induced fluorescence(LIF) is a norintrusive technique that can
provide useful information onion production and acceleration in electric propulsion system.
In this paper, spatially resolvedLIF measurementsof Xe" are performed in the plume of an
electron cyclotron resonance plasma thruster The mapping of ion velocity distribution
function in the magnetic nozzleshowsthat the ions are acceleratedover a distancegreater
than 12 cm. A mean axial velocity up to 16 km/s habeen obtained at Isccmand 26 W. The
acceleration ofionsis comparedfor different xenon flowrates.

Nomenclature

ECR = electron cyclotron resonance

FP = FabryPerot

IVDF = ion velocity distribution function

LIF = laser induced fluorescence

LP = Langmuir probe

V, = mean axialelocity (at the position z)
Vp = asymptotic axial velocity

z = longitudinal position inlie magnetic nozzle
/o = transition wavelength

3. = laserfrequency

a = electrostatic potentight the position z)
do = plasma potential in the ECR source
Up = asymptotic potential

. Introduction

N the last few yearglectrodeless plasma thrusters that make use of a magnetic nozzle (like the helicon thruster or
the ECR plasma thruster) have received a great attention for their ability to accelerate sinsijtaieciions

and ions. These electrodeless thrusters are ctfremntso that no electreemitting neutralizer is requiredvhich

could significantly reduce the development costs and failure risks in operation
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The electron cyclotron resonance (ECR) plaghruster that is currentheingdeveloped by ONERA has shown
very promising performances in the thrust rangelOmN. A thruster efficiency as high as 16% has bdeduced
from electrostatic probes measuremenith an ion energy up ta300 eV [1, 2]. The performances have been
confirmed recently by direct thrust measurements on a thrust b§&nce

The study of physical mechanismsnmagnetic nozzlés still an ative field of research. Severdileoretical and
numerical studies have been lag undersand the underlying mechanisms, e.g. electron detachment, electron
cooling, and ion acceleratidd, 5, 6, 7]. Although the models haveshown how the ambipolar electric field is
formed in the plumethere is nocompleteself-consistentmodel that can simatethe ion accelerationMoreover
somehypothesesnust bemadeon electrordynamics Thereforethere is aealneed forexperimental datan plasma
propertiesn the plume of magnetic nozzle thrusters

Laserinduced fluorescence (LIA$ a nonrintrusive measuremen¢chniquethat has been shown to provide a
wealth of informationon plasma species, including ions.hks been successfulBpplied on severalthrusters
technologies likeHET or FEEP[8, 9, 10]. LIF is particularly useful taneasure the ion velocity distribution function
(IVDF). Recently, a 3D tomographic reconstruction of the full IVDF in the phase of space has been performed in the
plume a HET11,12].

In this paper, we present a study of the acceleratioteindnions in the magnetic nozzle of the ECR plasma
thruster using LIRechnique The IVDF of Xé is measured at different positions along the axis of the magnetic
nozzle. The meaaxial velocity and the plasma potential profiles are compared for diffgegrth mass flowrates.

.  Methods and apparatus

A. ECR plasma thruster

All LIF measurementgresented in this papeare performed on the ECR plasma thruster model with a
permanent magn€ECR-PM). This ECR-PM thrusterconsists of aemiopencoaxial cavity27.5 mmin diameter
and 15 mm in lengtsee schematic iRigure 1). The magnetic field that is necessary for the resonance effect and
the magnetic nozzle acceleration isypded by an annular permanent magnet with an axial magnetic moment. The
magnetic field configuration of thiaruster isa magnetic mirrorthemagnetic field is purely divergent in the source
and the nozzleAs can be seen Figure2, the resonant regioior a microwave excitation ¢f.45 GHz(i.e.B = 875
Gauss)s located 2nm away from théackof the source.

The back of the source is covered withan-conductiveplate made of boron nitrid&he outer cylinder and the
inner conductor are made of carbon graphite and stainless steel, respectively.

The thruster is operated with microwave power at a frequency of 2.45 GHpoWeeabsorbed by the plasm
is measuredising a directional couplethat is locatecon the RF coaxialfeedthrough of the vacuum chamber.
Forward and reflected poweaire measured with calibrated diodeke@ttenuation omicrowavepower through the
cablesand connectorsen the vaoum side is aboul.55 dB.

The thruster is fed with xenahrough small injection holes in the batdte using a Brook$850Emass flow
controller A pictureof the ECR thruster operatedth xenon (2 sccm) is shown Figurel.
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Figure 1. Schematic of the permanent magnet ECR plasma thruster and imagé the thruster operated with xenon.
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Figure 2. Longitudinal profile of the magnetic field. Position z=15 mm refers to the backplate of the thruster, and z=0
to the thruster exit.

B. LIF scheme and IVDF

Laser induced fluorescenoeasurements are performeddrgbing the 5d[4}, - 6p[3]s,> electronictranstion of
Xe* at 834.724 nm (834.955 nm in vacuum). This scheme starts from a metastable state (not the ground state). The
laser pumps the ion metastable to a higher energy state, afhgiotlescence signal, which results from a radiative
decay to a third state, é®llected at 541.915 nrithis multilevel schemenables to reject the parasitic light from the
laser.

The measurement of ion velocity distribution is based on the Doppler effemtming that the transition
frequency is3, (for ions at rest), @opulation of ions with a velocityv along the laser axi&ounterpropagating)
will be pumped at a slight different laser frequency such as

w /7 '

Underappropriate conditions, thetensity of thefluorescence signal is proportiortalthe number of ions wita
velocity V in themeasurementolume The ion velocity distribution function can then be obtained by measuring the
fluorescence signal when sweeping the laser wavelength.

C. Laser optical setupand LIF acquisition system

A schematt diagramof the optical setup is shown kKigure3. The laseisourceis a SDI-TC10external cavity
tunable diode lasetentered at 834.7 nm. Fine tuning of the lasavelengthcan beobtained by adjusting the
position of the grating with a pieadriver actuator. Theutput power i@bout20 mW, with a modéop free tuning
range up to 60 GHand a linewidth of 200 kH2n this work, ypical measurementze performed with a frequency
span of 25 GHz, whichllows the measuremeiof ionswith avelocity up to 21 km/si.ion energy up to 308V).

The laser wavelength is monitored with a LMOO?Fideau interferometers wavemetdduring LIF
measurements, ¢hlaser frequency is swept by applying a ramp of voltage to the-pleeic actuator. The laser
frequency is determined accurately using a F&wagot (FP) etalon and a reference discharge. This method is
detailed in section D.

The laser beam is chopped using an aceoptit modulator with a 50% duty cycldhe laser is sent
alternatively in the reference arm and in the thruster measurement arm.

The fluorescence lighfrom the thruster and the reference dischasgeollected inoptical fibers anded to
Hamamatsyphotomultiplierstubes(PMT). Interference filters centered at 540 nm witbhOanm bangassenable to
partly reject parasitic light from the plasmahe fluorescence signal is theamplified using lockn amplifiers
(EG&G 5210 for the reference signal, SR830 for the thruster signal).

The acquisition of the PMT (thruster and reference) and photodiode (FP) signals, and the contrpieabthe
drivervoltagefor the laser frequency scan are performed witfational InstrmentsPCl 6251DAQ board
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The measurement parameters used in this work are list€dbie 1. Inside the source and the neasfield
region of the plume LIF signal is high enough to perforghort acquisitions (<1 min). In the far fietégion
(typically z>65mm), a longerlock-in time constants required to efficiently filter the fluorescence sigfraim the
ambient noise. The sweep time then needstadjustedn order tokeepconstanthe frequency resolution of the
measurement

Assuming that the lockn amplifier cannot separate peaks closer than 3 times the time constant, it comes that the

frequency resolution of the measurement is about 1.2. GblZon populationpeakswith a velocity difference
higher tharl km/s can be distinguished finorescence spectra

Tablel. LIF measurementparameters

Parameter Near field plume Far field plume
Frequency span [GHZz] 19 19-25

Sweep time [s] 48 170- 190
Frequency scan speed [MHz/s] 390 130

Lock-in time constant [s] 1 3

reference  thruster
Lambdameter
LM-007
SDL TC10 ] ]
Tunable Fiber couplin Fiber coupling
Laser diodg
834 nm
Fiber A
coupling N
Faraday []
isolator
/4 —— FP |
Beam splitteEg—E>ta on
(BS)
N Acousto-optic
4 = modulator \J
Beam splitteL-l — e
(BS) '

Figure 3. Laser optical setup

D. Wavelength calibration

A reference plasma source provides the x@locity reference for LIFmeasurements. This plasma source
consists of a surface wave discharge (fAsurfatrono)
typical pressure of 1 mTorr. The laser is injected in this reference discharge where a population df iarzereit
velocity can be found. Ehpeak of the fluorescence sigmgves the reference for the frequency (and velocity)
measurements.

During a frequency scanhe absolute laser wavelength is obtaitdanalyzing the signal of a photodiode
placed behiné 230 mm confocal Fab#yerot etalon (see an exampldrigure4). The free spectral range of the FP
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is 640 MHz. B/ counting the transmission peaks the photodiode signals, it is then possible to interpolate the laser
frequency at each instant of the scand then to correct laser hysteresigypical LIF spectum of the reference
discharge is shown iRigure4. The full width at half maximum of the fluorescence lp&al300 MHz.
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Figure 4. Example of Fabry-Perot photodiode signal andLIF signal of the reference surfatron discharge.

E. Vacuum setup

The optics for laser injection affidiorescencealetection in the vacuum chamber are showrigure5. The laser
is injected through a lens (25 mm diameter) and a 50 um optic fiber. The detection is composed of a 50 mm lens and
a 200 um optic fiber. The lasexis is parallel to the thruster (magnetic nozzle) axis. The probed volume is about
1 mm diameter The distance between the optics and the measurement point is about 450 mm, so that the
perturbation of the optéd setupon the plasma source is minimizdthe angle between laser and detection is 35°,
which ensure&IF measurements inside the thruster up to the backplagealignment of laser and detection optics
is verified with a CCD sensor that can be placed at the measurementpeiniptics are geortrically fixed in the
vacuum chamber, so the probed volume cannot be moved.

The ECR thruster is placed orBaxis translation staggystem, in order to change tlmngitudinal position of
the measurementoint alongthe magnetic nozzlevioreover the LIF reasurement can be performed at different
azimuthal and radial positions in the source and in the plume.

Probed volume

ECR thruster

Laser injection

i
Ny
>

0 Longifudinal
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Figure 5. Schematic of optics and thruster in the vacuum chamber
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The experiments are led in BO9 vacuum chamber at ONERArcehtealaiseau. fiis vacuum tankK0.8 m in
diameter and 2 m longs equipped with threePfeiffer Hi-Pace 230@urbo-molecular pumpshatensurea pumping

speed of 2050 L/s for xenon. Recently, the pumping capacity of the system has been increased by adding
Sumitomo CH110 cryo-cooler system The total pumping speedf the secondary pumping systeis about

13 000L/s for xenon, with a base press of10’ mbar.

The ambient pressur@ the vacuum chambeas measured with a Pfeiffer Compact Full Rarggige. In the
conditions of the experiments (xenon flowrdetweenl and 2 sccm), the background pressuranighe range
[1.2x10° - 2.5x10° mbai.

I, Results

The ECR thruster is first operated with the following conditions: xenon flowr&eccm, absorbed power =
26 W. LIF measurements are performed at different positions along the magnetic nozzle axis,-Farme#.e.

5 mm inside the ECR soce) to z=125 mm.

Typical examples ofIF spectraare shown irFigure6. The LIF signals are normalized for an easier comparison
of the distributions.Figure 7 shows the complete 2D mapping of the "X&DF in the magnetic nozzle.
Experimental data show thian acceleratiortakesplaceover the whole measurement zdnere than 12 cm)rhis
is to becompared to HET thrusters where the acceleration zone is a2au .1

The LIF signal isalreadyclearly shiftedinside the thrusteraf z=5 mm), andthe IVDF still evolvesin the far
field region It is noteworthy thabroaderdistributions arebtainedinside the thruster antlose to the thruster exit.
Beyond 40 mm, the distributions consist of a single narrow peak of high velocityNonqmpulation of slow ions is
detected in the far field plume, whiemsureghat there is no production of secondary ions by charge exchange or
electron impact in this zone. Thall width at half maximunof IVDF peaksis alwayslarger thanl.5 GHz, so the
frequency resolution of the diagnostic is good enough for reliable mezntein these conditions.

The broadening of the peaklwse to the thruster could be due to Zeesyaitting of the 834.7 nm transitipor
to the production of slow ionsThe magnetidield is higher than 200 Gauss up to 30 mimvestigations are
currenty led to assess thefluenceof Zeeman effeabn the IVDFE
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Figure 6. Examples ofLIF signalsobtained at different longitudinal positions in the magnetic nozzle. Xenon flowrate:
2sccm.
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Figure 7. 2D mapping of the IVDF of X€ in the magnetic nozzleXenon flowrate: 2 sccm.

LIF measurements hawasobeen performedvith two otherxenon flowrateg1 and 1.5 sccin The microwave
power absorbed by the plasisaaround26 W for the three condition®ther measurement campaigns led on ECR
thruster have shown that the electron temperature in the jilBhand in theECR sourcqd14] vary significantly
between 1 and 2 sccm of xendrhe comparison of iodlynamics in these conditions is themerestingfor the
understanding abn acceleratiofn the magnetic nozzle

For every position in the magnetic nozzlee imearaxial velocity V, of Xe* ion is determinedrom the IVDF.
Thelongitudinalprofiles ofthe meanaxial velocity are compared iRigure8 for the three operating conditiarfSor
all positions the highestaxial velocityis obtainedwith the lowesimass flow rateDue to the lower current density
and the higher velocity at 1 sccm, the LIF measurements could not be performed beyomd (Gi¢h the LIF
parameters given ifable 1). The maximum ion velocity that could be measured for 1, 1.5 and 2 sccm is,
respectively, 16.1, 12.5, and 10.9 km/s. This corresporaisitm kinetic energy of 176, 106 and 81 eV.

However, it can be sedhat he acceleration is not comepe at the endf LIF measurement range. Additional
measurements have been performed with a Langmuir p(bBg The plasma potentids deduced from the
inflection pointof the FV characteristicsThe main drawback of LP is their intrusiveness, so the diagnostic was no
placed closer than 75 mm from the thruster. Eventuallalld¥vs to significantly exteshthe measurememangein
the plume(up to 250mm).

FromLIF measurementst is possibled calculate th@otential drogn the plume(with respect to thenaximum
plasma potential in the ECR sourig:

P, .
. . leu w

7

The 35th International Electric Propulsid@onference, Georgia Institute of Technology, USA
October 8 12, 2017






