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Velocity field in the MPI) arjet was

analyzed by optical measurement of Doppler- ll

shifted specral line and electromagnetic force

mcasurenment. Acceleration pattern was '

dominated by operating condition indicated as

J2 /in, and high J -/i operation concentrates

accelerating recion toward the upstream. Rapid .

ionization and acceleration in the upstream "

region degrades thrust power ratio. In order to

obtain more detailed velocity field. plan ar

velocity measurement using LIF technique is

being pursued. 13

INTRODIiCION Fig. 1 Two-Dimensional MPD Arcjet

Systematic experiments have beer. two-dimensional MPD arcjet introduced multi-
continued to understand MPD arciet llowfield by disae wih o s nio

SSchannel discharge which forms uniform
non-intrusive methods, such as magnetic ischare along the line-of-sight and resembles a

sensitive filn for current conduction pattern. CCID discharge along the line-of-sight and resembles a
sensitive film for current cenduction pattern. C() two-dimensional test section of supersonic wind
images using interference filters lor electron 3

temperature, and far-infrared Mach-Zehntder tunnel lor optical access.

interferometry for plasma density.'

In this report, we present the results of
As the next step. direct velocity single point velocity measurement using Fabry-

mea, urement is tile most attractive tomeaurPment is the most attractive to Perot interferometer and the status quo of
understand the acceleration process of particles proressin planar velocity measurement

in the discharge chamber. Optical technique is progresing planar velocity measurementow.

required to measure the velocity of supersonic

flow in the magnetic field non-intrusively.

Passive measurement of Doppler-shift of spectral SINGLE POINT VELOCITY AND
line emitted from plasma was conducted by ELECTROMAGNETIC FORCE MEASUREMENT

using Fabry-Perot interferometer which ha< high

spectral resolving power. Active method was perparatus

also required to obtain planar .velocity -

distribution of each particlec including ions and A hvdroeen ion does not emit any

atoms LIIF (Laser Induced Fluiorescnc,-l spectrum and the linewidth of atomic hydrogen

technique is the one of the mni It po pulir ,pectral line is broad rather than FSR (Free

vclocinmetr to analvze comnhiusiin li o Spectral Range) of Fabry-Perot interferometer.

\ two-diensional \PI) rcjcl (s . I nitrogen was used as typical molecular

,a, fabricated to elnsio nale the di sadre (e of propellant instead of hydrogen and argon was

o tia al aricasred to eimi tct qthe disadvantag td used as typicl .Itom ic propellant. Plasma

optical acc ess u t the tlchtniqer ch;tihcr lil spectral line ~kas resolved by Fahry-Perot

interlcrotIlce , is Ihow ~ n Fig. 2. Plasma

leission was collected h\ two lenses inclined to

-r(raduale Student. Menhcer JS .\ s the ohlique a iiiles U and 9, against the

S ngineer. Tohia ( rporati n. emb , si perpendicular line to the plasma flow. Collected

.\sociatc Professor. Memher A. \ \ light, masked hv a slit in front of th e

Profssor. v\soci.ie t-ell, .A\1 \ moni ochromneter oi limil the measurement point.
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nlmonochroneter. two lenses placed in the
: 7 PLASMA discharge chamber collect all of plasma emission

2 on line-ol-sight, which expands measurinL"
MPD :250 region to the horizontal direction. To minimize

L:f250 /:M this measuring point error BN plate was inserted
M in the discharge chamber, which limits plasma

depth 20mmin from the side glass of the arcjet.

M es Resulted measuring region is indicated as shaded
rectangle around measurement point in the
center. Measurement points locating between

L: 500 anode and cathode were generically named as

L:LENS interelectrode region and the points in front of
M:MIRROR cathode were named as cathode-tip region. In

BS: Beam Solrer the cathode-tip region of straight configuration.
no plasma emission was observed in the range of

O Monochrometer wavelength allowed by Fabry-Perot
interferometer.

L:f300

FabryPerot Three Hall sensors covered by thin quarts
Interferometer glasses was inserted in the center of discharge

chamber to observe magnetic field strength at
L:f000 the same points with velocity measurement.

OMA One-dimensional magnetic field strength
Head OMA Micro distribution was differentiated to obtain

Console ComputerConsole Comr conducting current density and Lorentz force

Oscilloscope caused by interference of the current and the
magnetic field.

Fig. 2 Doppler-Shift Measurement by Fabry-
Perot Interferometer

Acceleration Pattern Dominated by Operating
was optically filtered by the monochrometer. Condition
Fabry-Perot coated dielectric multilayer has FSR
of 140 GHz and Finess of about 25 in the Figure 4 shows acceleration patterns
wavelength range from 450 to 550 nm. In this depending on mass flow rate and propellant in
wavelength range only ion of argon and nitrogen the straight configuration. Nitrogen ions have
was observed in spite of an aspiration to higher velocity compared with argon ions in the
measure the velocity of neutrals. Transmitted same operating condition. In each operating
light from interferometer was collimated on condition, accelerating region of each propellant
OMA (Optical Multichannel Analyzer) to observe coincides with high Lorentz force region, which
fringe pattern, locates in far upstream region for argon

propellant and intermediate region for nitrogen
Two-dimensional MPD arcjet has two propellant. Deceleration in the downstream

configurations, which are straight configuration region was caused by supersonic heating as
with long cathode and parallel anode and flared pointed out in the one-dimensional analysis. 4

configuration with short cathode and flared Low mass flow rate operation concentrates
anode, as depicted in Fig. 3. Quartz glass acceleration region toward the upstream which
windows were placed on both sides of the arcjet is typically indicated for nitrogen propellant.
in order to prevent plasma from flowing ArmLF m _ mAr 1 N, 41 125q Ioutward. While focused image of plasma Ar * S 2 S
emission was masked by a slit of Siragnt 30  Sraiat 40

J=16kA . / ' J -16kA
o o -24 -= 32 
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Fig. 4 Acceleration Pattern Dependence on Mass
Fig. 3 Measurement Point Error Flow Rate
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- propellant as shown in Fig. 6. With increasing
Ar • . N . discharge current the accelerating region

6____5 ___5 _ 30
6 --. - concentrates in the upstream and power

i; Mo - . deposition consumed to accelerate the plasma
' becomes extremely hieh in the upstream region.

- I The power deposition distribution was summed
I " up to evaluate the total power for plasma

2 - acceleration. Comparing with gradually
S .- 2 .  " , increasing thrust, the total power used to

I - - generate the thrust abruptly increases with
0 1 2) 3J 4 ' - , 20 30 4 , C2 50

0 ot 30 o 4 , ; increasing discharge current and thrust power
Pcsnln n rir OSilon -* -' m

ratio decreases, which is caused by rapid

Cathode Cathode acceleration in the upstream region as

Anode Ane mentioned previously.
Anode Anode I

a) Argon Propellant b) Nitrogen Propellant This thrust power ratio degradation was

Fig. 5 Acceleration Pattrn Dpend O explained by characteristics of plasma density
g. 5 Acceeran aer distribution measured by Mach-Zehnder

Dischare Current interferometry as shown in Fig. 7. With

increasing discharge current dense plasma

Increasing discharge current also region progresses toward the upstream. In the

concentrates accelerating region toward the low discharge current operation, abundant

upstream as shown in Fig. 5. Argon ions were neutrals suppress rapid acceleration of ions in

accelerated in very thin layer in the uptream the upstream region by frequent collisions.

region beyond the measuring points. Even for Because neutral density decreases with high

nitrogen propellant, high discharge current discharge current. current concentrates and

concentrates conducting current and accelerating highly ionized argon plasma is rapidly

region in the upstream region. From whole of accelerated in the upstream region, which

these data, operating condition of J / in increases back-EMF and results in decrease of

dominates acceleration pattern, thrust power ratio.

So-called N-shaped transition was found in

the characteristics of thrust efficiency versus

specific impulse which was frequently observed J=8kA J=12kA
with increasing discharge current for argon

S12 
20

6 6 25 , - 1 '25 s 30

6 20

6 8 t1 12 14 16 18

a) Thrust Performance Fig. 7 Plasma Density Distribution with N-Ou j d) Acceleration Power Shaped Transition* Shaped ransition
* 12kA

/ A 16 kA
S--0 5 -SSiraight o
7 Ar '

m25s 6 Effect of Magnetic Nozzle

:2 8 2 1 6

S. " ' 21;5 Compared with straight configuration.

> 3 L P . Fg r flared configuration was characterized by two-

2 -, dimensional current conduction pattern. Figure
SX. shows argon ion acceleration pattern and

o 20 30 a4) 50 0 " - o .'.. 60 current conduction pattern, which is obtained by

Cathode) Cathooe ) previous report. In the operating condition of

Anode 1 Anode low specific impulse, discharge current is

) Acceleration Pattern c) Accelerating Power confined in the upstream region within the
[)eplositin Dittrihution cathode length and acceleration does not occur in

the downstream region. On the other hand, high

Fie. 6 N-Shaped Transition and Acceleration specilic impulse operation creates so-called

Power Deposition cathode et which is confined by magnetic nozzle
Power Deposo 

l en
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8 n itrogen and hydrogen in 1th ratio of I: I. iuec
7 c, 9 shows acceleration pattern 0l ions torl iruon.

" . nitrogen and mixture of nitrogen and h , ioe ;i
I " .> in Ihe operating condition in i which nu.ien,-i

no//le was fornmed at the cathode-tip rci,;n
i * , i  Nitrogen propellant also has high velocity ions i;

.; . * ,!,, . .,- , Ithe initerelectrode region comparable o the
1 "U I o o i2l

_ _ cathode-tip region which is similar to the argon
o - 3 - : o o0 ;C 4 s o prope lant. For mixture of nitirogen and

Pc ' ' "' - r-m hydrogen the electrothermal expansion in
) Aclrc ion Pattern hi Accelertlionl Pattern magnetic nozzle is the main acceleralioirfor Lo lsp for Hligh IP mechanisn and very low ve!ocitv was revealed

- *- in the interelectrode region. which decrease,
J iA J; i-kA hack-EMF and improve thrust perlornance.
n 1 25 g n 625 s

SANA : ILOI( rY M..SLRI.MFNT

c) Current Conduct1'io dCrrent Cen onduction Figure 10 shows concept of veclocitI
lor L tow l1 for High Isp measurement by LIF (Laser Induced

Fig. E 1ffeclt ol lMagneic No/zle in Flaied Fluorescence) technique. Three laser beams
Config uratiion inely tuned to the absorption spectrum oi

species are oriented to the discharge plasma in
in the cathode-lip region orined b\ broadly the vacuum chamber. Species raises its excited
distributed current between cathode-tip and the level by induced absorption of laser and emit
flared part of anode. Ihe magnetic nozzle fluorescence isotropically after a life time of the
confines plasma and accelerates plasma excited level. This fluorescence image. whose
electrothermally. although the ion velocity in intensity is proportional to the absorption
inlereletcrode region is comparable with profile, is observed by CCD camera with iniage
cathode-tip region and high velocity ofl ons in intensifier. Fluorescence intensity induced by
the interelectrode region increases back-EMF three beams, 45 0 inclined for each other, is

plotted against incident laser frequency, which
Although hydrogen propellant reveals indicates Doppler-shifted absorption profiles.

more concentrated plasma flow in the cathode From the frequency differences of these three
jet than nitrogen propellant, H, spectral line is absorption profiles. flow velocity to the I and 2
too broad for the FSR of Fabry-Pero direction is evaluated as following equations.

interferometer. Then the nitrogen ion was used u = ('-- - \
as seeded particle in the mixed propellant of - -1

u = X
12 12 ------- 

>

Interepc lrode Ar
0 P Fl',d 10Lto *cnOW,,d~ ,p In order to apply LIF technique to plasma

Sm s/ .- a . velocimetry fine quality laser with narrow
Slinewidth compared with absorption spectral

. -* . e linewidth of species and stable oscillation for
N _, each shot in repetitive operation. For these2  

2 interelecroce j , kA requirements we fabricated the laser system for
| Cathoe-Tp m , ,2

01--
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Pos itoni, un Positon. mm Vacuum Tunala

a) Argon Propellant b) Nitroen Propellant 
a
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Interei car e * '2

SC t of aser Freency
|rpe l tInlerec nce

0 10 20 30 40 s5O

C Mixture of Nitrogen and-

Hydrogen Propellant TV°r

Fig. 9 Effect of Magnetic No//lc wioi Dillerent H 1
Pp el.i n, "e 10 <Concept of Velocity Measurcment by LIF
ropllant Techniqu
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l. .n l i l\ ~. s Ii r..I'nIL'.lt ; is - i t first. ftah late las r \was tuned with H .

i1. i Lu- il l I.. , a t.-'- i I". "siLg tih i is already emitted from di sch rge pl .rnm;

l -Lij i lm piumped Id\c Ila Ic a. i n o, i .tor, as i l the MPD arcjet. in order to conduct -iliile

:m pl lid lh:itlh h [hr.' !.L's ' - . ''i)pli I ation point veloci I neasurement t hI drC geI ato!:

Ii,,' .li- \ il 1.d hI ' j. iii h.Iar niicL 1I Ruhb bh time rcsol, ing lii eaIuremeni . tigur e I

I- Lir l ,hla p il nl i !e l aser , l",I'.' o ho . la, er absorption b h d li dro cl plasma i:

.i iii incidtcte . \ i t bet '.e- 5 i trK di' charge chaimber of MIPI) arejet. Laser

It1r smltl tslll 1ii 11 ) itul t i l and I gratinI , heami tllned \ ith II as passed tirouitl thc

ptai,!ini p II re sl tainii AS rAmpli lid ciir haber ahnab d detected b h PIN

(Sp iiu c.s .il is ion l .ise lin .i th is atrpti pholt, dide. Writh the operation of the M1PD
I d il * h u h Is / t han r p C ar Ijet. lser " as absorbed b) h Ldroe , n p1 asIna

ln idth ' a ou .11/ 1 I, hii h indicates laser as tuined ith the
. lith i :I but I's hihi i, hol e nough to iih rg pla sma.

\excii d etllcti\ivel lI.;,ing ener2\ til Ruby

lase r (b iit I.) is c in erticd to ith scconJd his laser sstem is ai l no t r.ad
hltirn ii. h l' -B. i( h ill ic I l 2 a111 ll , i Iu t active elIcit mIeasure ent.
(Inli th e seecnJ ha nionic ' \as Ce\Ir ted .b y a

hlarmniioi n>lro] and locuseil n three d'c e ll,

i" e- ic k-i e 1or amplil ail .io C()\CL SI)ON

, e colldu ted single poinit vclocity
S...mncsi lent by passive methid in order to

1. -7 obtlain acceleration paictrn o only insll in thc

.r cdischarc chambnhc

,.LVi ^i,' _. -r Operating condition of I ' / in dominates
c' -- 'urlrcn conduction pat tcrn a-nd acceleration

. --- .L pattern of ion. High 2 / m operation concentrates

' . ,/ , , accelerating region toward the upstream region.
-t --- r and decelerates plasma down stream by

r- , L" ' [, , c,.-- ,, supersonic heating.
J _ , ( gishla ,

[' N-shaped transition, which is thrust power

ratio degradation with increasing discharge
current, was attributed to abrupt ionization and

-- ion acceleration in the upstream region.
Fi. 1I1 l.aser Sy'stei for LIF- Velocimetri

Magnetic nozzle. which was formed in the
U-- .-- ^._ relatively high J1! i operation even for argon

propellant. confines plasma and accelerates

C...c. I ,.., plasma electrothcrmallv. For mixture ot
nitrogen and hydrogen propellant plasma is
accelerated mainly in the magnetic nozzle and
very low velocity was revealed in the
interelectrode region, w hich is effective to

- improve thrust efficiency.

i - /  We are also planning active velocity
measurement in order to obtain two-dimensional

velocity mapping by LIF technique and
fabricated required laser svstem.

1 Fl peilinental A\pparatu,

"< --) -

h i ascr .Ahs opl 1i

|i 12 I A, i Ahsoipiiin b. Hydrogen Plasma

~1
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