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Thi s  p a p e r  p r o p o s e s  a m i n i a t u r e  e l e c t r o t h e r m a l  t h r u s t e r  u s ing  m i c r o w a v e - e x c i t e d  p las-  
mas ,  w h i c h  cons i s t s  of  a c y l i n d r i c a l  m i c r o p l a s m a  s o u r c e  a n d  a con ica l  m i c r o n o z z l e .  T h e  
m i c r o p l a s m a  s o u r c e  is m a d e  of  a d i e l e c t r i c  t u b e  10 m m  long  a n d  1.5 m m  in i n n e r  d i a m e t e r ,  
a n d  t h e  m i c r o n o z z l e  is f a b r i c a t e d  in a 1.0 m m  t h i c k  q u a r t z  p l a t e  w i t h  a t h r o a t  d i a m e t e r  
of  0.2 m m .  In  p l a s m a  d i a g n o s t i c s  of  t h e  m i c r o p l a s m a  sou rce ,  h igh  m i c r o w a v e  f r e q u e n c y  
a n d  d i e l e c t r i c  c o n s t a n t  r e s u l t e d  in d e s i r a b l e  p l a s m a  c h a r a c t e r i s t i c s :  t h e  e l e c t r o n  d e n s i t i e s  
of  1016-1019 m 3 a n d  t h e  r o t a t i o n a l  t e m p e r a t u r e s  of  500-1000 K.  A s  a p r e l i m i n a r y  t h r u s t  
p e r f o r m a n c e  m e a s u r e m e n t ,  t h e  t h r u s t  a n d  spec i f ic  i m p u l s e  o b t a i n e d  we re  2.0 m N  a n d  136 
s w i t h  a t h r u s t  e f f ic iency of  12 % a t  a 4 - G H z  m i c r o w a v e  i n p u t  p o w e r  of  5 W a n d  an  A r  
m a s s  flow r a t e  of  1.5 m g / s .  

I .  I n t r o d u c t i o n  

M ICROSPACECRAFT have recen t ly  a t t r a c t e d  increas ing  a t t en t i on  in space technology.  The  mo t iva t i on  
beh ind  this  is to  reduce  the  overal l  miss ion costs  and  g rea t ly  increase  the  launch rates .  Reduc ing  the  

scale of spacecraf t  decreases  the  launch costs,  and  s impl i fy ing  the  s t ruc tu re  leads to  shor t  deve lopmen t  
per iods .  In  addi t ion ,  mic rospacecra f t  miss ion scenar ios  m a y  be envis ioned wi th  the  miss ion accompl i shed  
by  a fleet of several  mic rospacecra f t  to  reduce the  miss ion risk. Such a high re l i ab i l i ty  as well as low-cost  
pe r fo rmance  is one of the  g rea t  advan tages  for microspacecra f t ,  because  the i r  repa i r  is not  r ead i ly  done in 
space.  1 

To real ize microspacecraf t ,  the i r  componen t s  mus t  be  min i a tu r i zed  dras t ica l ly ,  and  mic ropropu l s ion  sys- 
terns are no except ions .  Var ious  mic ro th rus t e r s  have been  p roposed  for mic rospacecra f t  appl ica t ions ,  be ing  
under  signif icant  deve lopmen t  for p r i m a r y  and  a t t i t u d e  control .  Such mic ro th rus t e r s  require  l ightweight ,  
smal l -s ized,  low- thrus t ,  and  smal l - impulse -b i t  sys tems.  In  prac t ice ,  however,  none of the  mic ro th rus t e r s  are 
well e s t ab l i shed  unt i l  now, and  fur ther  research is to  be done.  

In  th is  paper ,  we p ropose  a min i a tu r e  e l ec t ro the rma l  t h r u s t e r  using microwave-exc i ted  p lasmas ,  which is 
an app l i ca t ion  of m i c r o p l a s m a  sources on which extens ive  research has  recen t ly  been  done. 2 6 Assuming  t h a t  
p l a smas  are exc i ted  by  surface waves, a m a j o r  fea ture  of such p l a smas  is t h a t  microwaves  p e n e t r a t e  into the  
p l a s m a  chamber  along the  p la sma-d ie l ec t r i c  interfaces  even in the  overdense mode  and  the  e lec t ron  hea t ing  
occurs  in a th in  sk in -dep th  layer (a few mi l l imete rs  deep  or less), t h a t  is, the  power  abso rp t ion  in p l a smas  
becomes  m a x i m u m  at  the  interfaces.  7 9 Such mechan i sm of the  power  depos i t ion  is a g rea t  advan tage  to  
genera te  p l a smas  in a very  smal l  space wi thou t  magnet ic - f ie ld  confinement .  These  fea tures  would  con t r ibu te  
to  a s imple  s t ruc tu re  and  long- t ime opera t ion ,  c o m p a r e d  to  o ther  convent ional  th rus te rs ,  because  the  presen t  
t h r u s t e r  requires  no electrodes ,  neut ra l izers ,  or magne ts .  Moreover,  the  recent  deve lopmen t  of h igh- f requency  
microe lec t ron ics  devices would also help  to  real ize the  microwave-exc i ted  m i c r o p l a s m a  t h r u s t e r  p resen ted  
here. 
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Figure 1. Schematic of the microplasma thruster using microwave-excited plasmas, consisting of an azinmthally 
symmetric microplasma source and a converging-diverging (Laval) micronozzle. The working gas is Ar in this 
study. 

Figure 1 shows a schematic diagram of the rnicroplasrna thruster, which consists of a rnicroplasrna source 
and a rnicronozzle. The plasma source is composed of a cylindrical dielectric tube, the outside of which is 
covered with a metal grounded. The inner radius and length of the tube are about 1 and 10 rnrn, respectively. 
Microwaves are injected through a coaxial cable into the plasma chamber, where propellant gases are ionized 
and heated up in the pressure range from 10 kPa to 100 kPa. Such high thermal energy is converted into 
kinetic energy through the rnicronozzle to produce the thrust required. On the basis of this concept, we 
developed a numerical model for design consideration and estimated the thrust performance. 1° 12 

The objective of this study is to investigate the plasma characteristics of a rnicroplasrna source developed 
using optical emission spectroscopy (OES) and an electrostatic probe in order to find an optimum operational 
condition for the rnicroplasrna thruster under the condition of rnicrowave input powers below 10 W. First, 
a rnicroplasrna source without a rnicronozzle was developed to conduct its plasma diagnostics. Then, a 
rnicronozzle was also fabricated to evaluate the thrust performance as a preliminarily experimental study. 
The following sections give some of the results. 

I I .  E x p e r i m e n t a l  

Figure 2 shows a schematic diagram of the experimental setup and a cross-sectional view of the mi- 
croplasma source. Microwave signals of 2 and 4 GHz generated by an oscillator (Agilent Technologies, 
8648D) are amplified through a 4-stage semiconductor amplifier, and then fed through a semi-rigid coaxial 
cable (RG-405/U) into the plasma chamber made of a straight quartz tube, to generate and sustain the 
plasma discharges therein. Here, the reflection of microwaves power is suppressed by adjusting the cable 
length. The quartz tube is connected to the stainless-steel pipe through which a working gas, Ar in this 
study, is introduced, and is inserted into a stainless-steal chamber evacuated by a dry and turbo-molecular 
pump. A pressure gauge, equipped with the stainless-steal pipe upstream of the plasma charnber, is used for 
measurement of the feed gas pressure, which is assumed to be the pressure inside the plasma chamber. 

Figure 3 shows an assembly of the rnicroplasrna source presently developed. The center conductor of 
the serni-rigid coaxial cable, protruding 10 rnrn beyond the insulator and outer conductor, is covered with 
a ceramic tube; two types of cerarnics, rnullite (relative perrnittivity ed 6) and zirconia (ed 12-25), are 
ernployed to investigate the dependence on dielectric constants. ]Quartz (ed 3.8) tube was partly used as 
well.] The outer conductor is also covered with a quartz tube for the protection against electrodes erosion. 
The plasma chamber, made of a quartz tube 10 rnrn in length and 1.5 rnrn in inner diarneter, has an orifice 
0.4 and 0.2 rnrn in diameter at the exit to vacuum. (In plasma diagnostics, 0.4 rnrn orifice was mainly 
ernployed.) This structure results in a small conductance to keep the pressure inside the plasma chamber 
much higher than that in the vacuum chamber. The outside of the plasma chamber is covered with a copper 
grounded which has a single slit for optical diagnostics. Moreover, a copper mesh prevents microwaves from 
leaking through the slit. 

Emission intensities are measured with a spectrometer (Ocean Optics, HR2000CG-UV-NIR) through a 
quartz optical fiber, the head of which is directly connected to a window of the vacuum chamber without a 
lens. In the case of precise diagnostics, the emissions are collected by a lens and transmitted to a 25-crn focal 
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length monochromator  (Nikon, P250) with a 1200 grooves/ram grating plate. The light emerging from the 
fiber is focused onto an entrance slit of the monochromator  and detected by a photomultiplier (Hamamatsu,  
R1509). For electrical diagnostics, a cylindrical Langmuir probe, with the probe tip made of a tungsten wire 
0.05 m m  in diameter  and 0.5 m m  long, is positioned at an immediate downstream of the orifice to determine 
the electron density thereat. 

III.  P l a s m a  D i a g n o s t i c s  

A. Power Dependence of Intensity 

Experiments  were performed at an Ar flow rate of 50 seem and a feed gas pressure of 10 kPa. Figure 4 shows 
photograph images of the emission of microplasma discharges, taken for a total  microwave power Pt (a) 
3.5, (b) 5.0, arid (c) 7.0 W with a microwave frequency f 4 GHz arid mullite tube (ed 6). The plasma 
was maintained only inside the microplasma chamber at Pt > 0.3 W [Fig. 4(a)], the plasma at Pt > 4 W was 
found to flow out into vacuum through the orifice at the end of the plasma chamber, forming a supersonic 
free jet [Fig. 4(b)], and at Pt > 6 W the exhausted plasma was sustained around the end of the plasma 
s o u r c e  [ F i g .  4 ( c ) ] .  

Figure 5 shows the emission intensity (Ar I 763.5 nm) as a function of incident microwave power Pin 
Pt --Prf for diflhrent f 2 and 4 GHz, where Prf is a reflected microwave power, so that  Pin is assumed to be 
a net power absorbed in the plasma. Other experimental conditions are the same as in Fig. 4. The emission 
intensity increases with increasing Pin, involving sudden jumps among the regions labeled (a), (b), arid (c) 
in the figure, where these labels correspond to those in Fig. 4. As shown in the figure, higher intensities are 
observed for the higher microwave frequency at the same incident microwave power; more incident rnicrowave 
power is required to yield intensity jumps for f 2 GHz. 

Figure 6 shows the emission intensity (Ar I 763.5 nrn) as a function of incident microwave power Pin for 
diffbrent ceramic tubes of ed 6 and 12-25, where other experimental  conditions are the same as in Fig. 4. 
The emission intensity increases with increasing Pin, involving sudden jumps among the regions labeled (a), 
(b), and (c), like the result in Fig. 5. Higher intensities are observed for ed 12-25 at the same incident 
microwave power. From the results in Figs. 5 and 6, the higher microwave frequency and dielectric constant 
are found to be desirable to maintain the plasma discharges in the rnicroplasrna source developed. 

Note that  the emission intensities were measured with the spectrometer  without light condensing here. 
The reflected microwave power Prf of 2 GHz could not be suppressed less than 35 % during the emission 
intensity measurement,  whereas that  of 4 GHz was kept to be below 10 %. In view of effbctive use of rnicrowave 
power, only the microwave frequency of 4 GHz was ernployed for the rest of experiments discussed below. 
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F i g u r e  5. E m i s s i o n  i n t e n s i t y  ( A r  I 763 .5  n m )  a s  a 
f u n c t i o n  o f  i n c i d e n t  m i c r o w a v e  p o w e r  Pin Pt -- Prf 
fo r  d i f f e r e n t  m i c r o w a v e  f r e q u e n c i e s  f ---- 2 a n d  4 G H z ,  
o t h e r w i s e  m e a s u r e d  u n d e r  t h e  s a m e  c o n d i t i o n s  a s  in  
F i g .  4. 

F i g u r e  6. E m i s s i o n  i n t e n s i t y  ( A r  I 763 .5  n m )  a s  a 
f u n c t i o n  o f  i n c i d e n t  m i c r o w a v e  p o w e r  Pin Pt -- Prf 
for  d i f f e r e n t  d i e l e c t r i c  c o n s t a n t s  Cd ---- 6 a n d  12-25 ,  
o t h e r w i s e  m e a s u r e d  u n d e r  t h e  s a m e  c o n d i t i o n s  a s  in  
F i g .  4. 

B. E l e c t r o n  D e n s i t y  

The results of the intensity measurement imply that high dielectric constants lead to high electron densities 
in the rnicroplasrna source. Figure 7 shows the electron density ne as a function of incident microwave power 
Pin for difl>rent Ar flow rates of 50, 100, 150, 250, and 500 sccrn, where corresponding feed gas pressures are 
10, 15, 20, 30, and 60 kPa. The electron density increases as Pin increases for all Ar flow rates, while decreases 
with increasing flow rates. High gas flow rates lead to high feed gas pressures in the plasma chamber and 
afl>ct the plasma discharges; more microwave power is required to sustain high-density plasmas at high flow 
rates. However, at high incident microwave powers for the zirconia tube, the electron density reaches almost 
the same values for all mass flow rates, whereas the electron density monotonically decreases with increasing 
gas flow rates for the rnullite one. Note that the Langrnuir probe was located at downstream from the 
orifice as in Fig. 2; thus, the electron density may be larger about an order of magnitude in the rnicroplasrna 
chamber. A critical electron density above which surface waves propagate is about 1.4 × 10 is and 2.6-5.2 
×10 is rn a for the rnullite and zirconia tube, respectively, at a microwave frequency of 4 GHz. 7 9 From this 
fact and experimental results, the plasma was probably sustained by a surface-wave mode at high rnicrowave 
powers, particularly for the zirconia tube, where the plasma was generated efl>ctively even at high gas flow 
rates. Moreover, higher electron densities were obtained at the higher dielectric constant as expected. 

C. R o t a t i o n a l  T e m p e r a t u r e  

Since the monochromator employed in this paper does not resolve the rotational structure, we have fitted the 
experimental data with theoretical calculations by using the transition band of N2 CaHu-BaHg at 380.49 nm 
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(a) Mul l i te  tube:  Cd ---- 6. (b) Zirconia  tube:  Cd ---- 12-25. 

F igure  7. Elec t ron  densi ty  ne as a function of incident  microwave power Pin for different Ar  flow ra tes  of 50, 
100, 150, 250, and 500 sccm, where cor responding  feed gas pressures  are  10, 15, 20, 30, and 60 kPa,  measured  
at  f : 4 GHz. Here,  the  Langmuir  probe  was located at  an immedia t e  downs t ream of the  orifice as in Fig. 2. 

(second posi t ive  band) ,  13,14 in order  to  ca lcu la te  the  ro t a t i ona l  t e m p e r a t u r e  and  e s t ima te  the  gas t e m p e r a t u r e  
in the  m i c r o p l a s m a  source. 

F igure  8 shows the  ro t a t i ona l  t e m p e r a t u r e  Trot as a funct ion of pos i t ion  of the  p l a s m a  discharge  for 
diflhrent  d ie lect r ic  cons tan t s  of Cd 6 and  12-25 wi th  p h o t o g r a p h  images  of the  emiss ion t aken  for an 
inc ident  microwave power  Pin 7 W,  measu red  at  an Ar  flow ra te  of 50 sccrn, N2 flow ra te  of 0.2 sccrn, feed 
gas pressure  of 10 kPa .  The  ro t a t i ona l  t e m p e r a t u r e  increases  from u p s t r e a m  to d o w n s t r e a m  before the  exi t  
of the  p l a s m a  chamber ,  decreas ing  at  d o w n s t r e a m  after  the  orifice. The  z i rconia  t u b e  gives h igher  ro t a t i ona l  
t e m p e r a t u r e s  t h a n  the  mul l i te  one. The  wavelength  of microwave becomes  shor te r  in a high die lect r ic  
cons t an t  med ium.  The  p h o t o g r a p h  images  in the  figure show a longer  d ischarge  a rea  in the  mul l i t e - tube -  
based  m i c r o p l a s m a  source,  while a shor te r  d ischarge  a rea  near  the  orifice for the  z i r con ia - tube -based  one. 
As Fig.  3 shows, the  p l a s m a  source has  an e lec t r ica l ly  open end at  the  orifice, so t h a t  the  m a x i m u m  electr ic  
field is o b t a i n e d  therea t .  The  d i s t r i bu t i on  of the  ro t a t i ona l  t e m p e r a t u r e  showing the  m a x i m u m  t e m p e r a t u r e  
at  the  orifice is cons is ten t  wi th  th is  fact. 

Not ice  t h a t  it  is i m p o r t a n t  to  increase  the  t e m p e r a t u r e  at  the  exi t  of the  p l a s m a  c ha mbe r  where  a mi- 
cronozzle will be  equipped ,  because  the  t h e r m a l  energy  should  be  eflhctively conver ted  into  the  k inet ic  energy  
wi thou t  any  undes i rab le  energy  loss in the  p l a s m a  c ha mbe r  before  the  micronozzle .  Thus,  the  t e m p e r a t u r e  
d i s t r i bu t i on  o b t a i n e d  ind ica tes  t h a t  the  m i c r o p l a s m a  source is des i rable  to  the  min i a tu r e  t h rus t e r  p resen ted  
here. 

The  discuss ion above  ind ica tes  t h a t  the  high die lec t r ic  cons t an t  is useful for the  rnicroplasrna t h r u s t e r  
because  of the  high e lec t ron  dens i ty  and  ro t a t i ona l  t e m p e r a t u r e  in the  m i c r o p l a s m a  source. However,  in 
view of the  fact t h a t  the  long- t ime ope ra t i on  is requi red  for t h rus t e r s  of microspacecraf t ,  ce ramic  tubes  have 
a serious problem;  ceramics  are vu lnerab le  to  a hea t  shock. In  some cases, the  ceramic  cover used here was 
found to  crack af ter  the  long- t ime p l a s m a  diagnost ics .  To avoid this  p rob lem,  a quar tz  t ube  was employed  
and  we conf i rmed t h a t  i t  was du rab le  under  the  long- t ime ope ra t i on  even at  high microwave powers.  The  
following p l a s m a  d iagnos t ics  and  t h ru s t  m e a s u r e m e n t  were conduc ted  wi th  a quar tz  cover. 

F igu re  9 shows the  ro t a t i ona l  t e m p e r a t u r e  Trot (N2) as a funct ion of inc ident  microwave power  Pin for 
different  orifice d i ame te r s  ~ 0.2 and 0.4 rnrn wi th  a microwave f requency f 4 GHz and a quar tz  t ube  
cover (Cd 3.8), t oge the r  wi th  the  e lec t ron  density.  Here, the  e lec t ron  dens i ty  was measu red  only  at  ~ 0.4 
m m  since less p l a s m a  p lumes  were observed  af ter  the  orifice at  ~ 0.2 m m  and  no p rope r  vo l t age-cur ren t  
charac te r i s t i c s  were ob ta ined .  The  lower ro t a t i ona l  t e m p e r a t u r e  was o b t a i n e d  at  Pin 7 W c o m p a r e d  to  
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F i g u r e  8. R o t a t i o n a l  t e m p e r a t u r e  %or (N2)  a s  a f u n c t i o n  o f  p o s i t i o n  o f  t h e  p l a s m a  d i s c h a r g e  ( t o p )  a n d  
p h o t o g r a p h  i m a g e s  o f  t h e  e m i s s i o n  ( b o t t o m ) ,  t a k e n  fo r  a n  i n c i d e n t  m i c r o w a v e  p o w e r  Pin ---- 7 W w i t h  a 
m i c r o w a v e  f r e q u e n c y  f ---- 4 GHz~ m e a s u r e d  a t  a n  A r  f low r a t e  o f  50  sccm~ N2 f low r a t e  o f  0 .2  sccm~ a n d  
f e e d  g a s  p r e s s u r e  o f  10 k P a .  

tha t  in Fig. 8, because of the low dielectric constant. 
The rotat ional  spectra  were measured at a fixed feed gas pressure of 10 kPa in Fig. 9(a). The Ar gas flow 

rates required were 30 and 100 sccrn at the orifice diameter  ~ 0.2 and 0.4 rnrn, respectively. The rotat ional  
tempera ture  at ~ 0.2 rnrn is higher than tha t  at ~ 0.4 rnrn because of the higher microwave power per 
unit  mass flow rate and less cooling effect of the gas flow. The rotat ional  spectra were also measured at a 
fixed Ar gas flow rate  of 50 sccrn in Fig. 9(b). The feed gas pressure was 18 and 5 kPa at the orifice diameter  

0.2 and 0.4 rnrn, respectively, and no significant difl>rence of the rotat ional  tempera ture  was observed. 
Here, the rotat ional  spectra  were measured by adding 1 %  of nitrogen molecule to Ar gas flows. 
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F i g u r e  9. R o t a t i o n a l  t e m p e r a t u r e  Trot (N2)  a t  t h e  o r i f i c e  a s  a f u n c t i o n  o f  i n c i d e n t  m i c r o w a v e  p o w e r  Pin fo r  
d i f f e r e n t  o r i f i c e  d i a m e t e r s  + = 0.2 a n d  0 .4  m m  w i t h  a m i c r o w a v e  f r e q u e n c y  f = 4 G H z  a n d  a q u a r t z  t u b e  c o v e r  
(Cd = 3 .8 ) ,  t o g e t h e r  w i t h  t h e  e l e c t r o n  d e n s i t y  m e a s u r e d  a t  + = 0 .4  m m .  
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F i g u r e  10. C r o s s - s e c t i o n a l  v i e w  a n d  c o m p u t a t i o n a l  g r i d  fo r  m i c r o n o z z l e s  w i t h  a 2 0 ° - h a l f - c o n e - a n g l e  i s o t h e r m a l  
wal l  (TwM 1 = 300 Z ) .  T h e  r ad i i  o f  t h e  nozz l e  in le t ,  t h r o a t ,  a n d  e x i t  a r e  s e t  a t  0.3, 0.1, a n d  0.4 m m ,  r e s p e c t i v e l y ,  
in (a ) ,  w h i l e  t h e  t w i c e  o f  t h e m  in (b) .  T h e  c o m p u t a t i o n a l  d o m a i n  o f  b o t h  n o z z l e s  is d i v i d e d  i n t o  100 cel ls  in  
t h e  ax ia l  d i r e c t i o n  a n d  30 cells  in t h e  r a d i a l  d i r e c t i o n .  
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F i g u r e  11. T h r u s t  p e r f o r m a n c e  a s  a f u n c t i o n  o f  i n c i d e n t  m i c r o w a v e  p o w e r  P i n  fo r  d i f f e r e n t  t h r o a t  d i a m e t e r s  
4) = 0.2 a n d  0.4 m m ,  c a l c u l a t e d  a t  a f ixed  feed  g a s  p r e s s u r e  o f  10 k P a .  T h e  nozz le  in l e t  c o n d i t i o n s  w e r e  t a k e n  
f r o m  Fig .  9 (a )  

IV. T h r u s t  P e r f o r m a n c e  

A .  N u m e r i c a l  A n a l y s i s  

Assuming that the rotational temperature Trot equals the gas temperature T~s, we estimated the thrust 
performance by using the results of plasma diagnostics obtained above and the numerical model developed 
in Ref. 10 12. 

Since the plasma source has an orifice of 0.2 and 0.4 mm in diameter at the exit to vacuum, a micronozzle 
with a throat 0.2 and 0.4 mm in diameter is assumed to be equipped with the plasma chamber in order to 
calculate the thrust performance. A cross-sectional view and computational grid for two micronozzles are 
shown in Fig. 10. As a wall boundary condition, an isothermal wall (Tw~11 300 K) and non-slip condition 
were employed. 

Figure 11 shows the thrust performance as a function of incident microwave power Pin for diflYrent throat 
diameters ~ 0.2 and 0.4 ram, calculated at a fixed feed gas pressure of 10 kPa. Here, the nozzle inlet 
conditions were taken fl'om Fig. 9(a). The thrust Ft at ~ 0.4 mm is more than three times larger than 
that at ~ 0.2 mm because of the higher gas flow rate. The specific impulse I~p at ~ 0.4 mm is also 
higher than that at ~ 0.2 ram. Figure 9(a) shows higher rotational temperatures, i.e., gas temperatures 
at ~ 0.2 ram, so that higher specific impulse was expected. However, a low Reynolds nmnber of 131 at 

0.2 mm compared to that of 218 at ~ 0.4 mm resulted in lower specific impulse. At the same gas 
pressure, small throat diameters and high gas temperatures lead to high viscous loss in the boundary layer 
of micronozzle. 
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F i g u r e  12. T h r u s t  p e r f o r m a n c e  a s  a f u n c t i o n  o f  i n c i d e n t  m i c r o w a v e  p o w e r  P i n  fo r  d i f f e r e n t  t h r o a t  d i a m e t e r s  
= 0.2 a n d  0.4 r a m ,  c a l c u l a t e d  a t  a f ixed  A r  g a s  f low r a t e  o f  50 s c c m  (1.5 r a g / s ) .  T h e  nozz l e  in l e t  c o n d i t i o n s  

w e r e  t a k e n  f r o m  Fig .  9 ( b )  

Figure 12 shows the thrust performance as a function of incident microwave power Pin for different throat 
diameters ~ 0.2 and 0.4 ram, calculated at a fixed Ar gas flow rate of 50 sccm (1.5 rag/s). Here, the nozzle 
inlet conditions were taken from Fig. 9(b). Both the thrust Ft and specific impulse I~p are higher at 
0.2 mm than at ~ 0.4 ram. Figure 9(b) shows almost the same rotational temperature for the two throat 
diameters, and the feed gas pressure at ~ 0.2 mm is much higher than that at ~ 0.4 ram. This result 
leads to a high Reynolds number of 219 at ~ 0.2 mm compared to that of l l0  at ~ 0.4 ram, so that less 
viscous loss occurred in the boundary layer of the micronozzle at ~ 0.2 ram. To obtain the high thrust 
performance, it is desirable to make a throat small and keep high gas temperatures at high gas pressures for 
a given input microwave power. 

B. M e a s u r e m e n t  o f  T h r u s t  P e r f o r m a n c e  

As a preliminary experiment, we had a conical rnicronozzle fabricated in a 1.0 rnrn thick quartz plate by using 
conventional machining process with a diamond drill. Figure 13 shows the quartz plate with the rnicronozzle 
fabricated, and its cross-sectional and top views taken fl'orn an optical microscope. The inlet, throat, and 
exit diameters are 0.6, 0.2, 0.8 rnrn, respectively, on the basis of the numerical analysis discussed above. The 
rnicronozzle was connected to a straight quartz tube 10 rnrn long, which was covered with an electrically 
grounded metal as shown in Fig. 2 except that the metal had no slit. Here, quartz was ernployed as an 
microwave antenna cover. 

.., 10  m m  

(a) Q u a r t z  p l a t e .  

Y 

(b )  C r o s s - s e c t i o n a l  v i ew .  (c) T o p  v iew.  

F i g u r e  13. P h o t o g r a p h  i m a g e  o f  a con ica l  m i c r o n o z z l e  f a b r i c a t e d  in a i - r a m - t h i c k  q u a r t z  p l a t e ,  a n d  c r o s s -  
s e c t i o n a l  a n d  t o p  v i e w s  o f  t h e  m i c r o n o z z l e  
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F i g u r e  14. P h o t o g r a p h  i m a g e s  o f  t h e  t h r u s t e r  o p e r a t i o n  w i t h  t h e  m i c r o n o z z l e  s h o w n  in  F i g .  13 fo r  d i f f e r e n t  
A r  g a s  f low r a t e s  o f  10 a n d  50 s c c m  a n d  fo r  d i f f e r e n t  4 - G H z  m i c r o w a v e  i n p u t  p o w e r s  f r o m  1.9 t o  4 .9  W .  

Figure 14 shows photograph images of the thruster operation for diflhrent Ar gas flow rates of 10 and 50 
sccm and for diflhrent 4-GHz microwave input powers from 1.9 to 4.9 W. The feed gas pressure was 4 and 20 
kPa at 10 and 50 sccm gas flow rates~ respectively. As microwave power and gas flow rates increase~ longer 
plumes are observed after the micronozzle. 

To measure the thrust performance~ a small thin ceramic plate was hung downstream of the micronozzle 
with the thruster fixed tightly~ and the displacement of the plate was measured by using a laser displacement 
gage. This measurement was conducted on both cold-gas and plasma-discharging thruster operation. The 
relation between displacement and force in cold-gas operation was obtained beforehand by using a pendulum- 
type thrust stand; this result gives information of the relation of force to mass flow rate of a cold-gas thruster. 
The thrust was measured by comparing the displacement of the ceramic plate in cold-gas operation and that 
in plasma-discharging operation. This awkward measurement was conducted because it was impossible 
to measure the displacement of the thruster by using a pendulum-type thrust stand during the plasma- 
discharging operation. Microwaves were injected through a semi-rigid and flexible coaxial cable~ and the 
thermal expansion of the cable during the measurement degraded the S/N ratio of the thrust measurement. 

Figure 15 shows the thrust performance as a function of Ar gas flow rate at a 4-GHz microwave input 
power of 5 and 0 W. Here~ 0 W means cold-gas operation without plasma discharges. The thrust performance 
was improved by discharging the plasrna~ and at an Ar gas flow rate of 50 sccm (1.5 rag/s) the thrust and 
specific impulse obtained were 2.0 mN and 136 s~ respectively~ with a thrust efficiency of 12 %. However~ 
the result of the measurement was much better than that estimated by numerically in the preceding section. 
This discrepancy may result from inaccuracy of the thrust measurement or the numerical model developed. 
The further thrust measurement and its comparison with numerical estimations are underway. 

V. C o n c l u s i o n s  

A miniature electrothermal thruster using microwave-excited plasmas has been proposed. The thruster 
is composed of a cylindrical microplasma source and a conical micronozzle. The microplasma source is made 
of a dielectric tube 10 mm long and 1.5 mm in diameter, and the micronozzle is fabricated in a 1.0 mm 
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F i g u r e  15. T h r u s t  p e r f o r m a n c e  as a f u n c t i o n  of  A r  gas flow ra t e  a t  a 4-(:]Hz mic rowave  i n p u t  p o w e r  of  5 a n d  
0 W.  H e r e ,  0 W m e a n s  co ld-gas  o p e r a t i o n  w i t h o u t  p l a s m a  d i scharges .  

thick quartz plate with a throat diameter of 0.2 rnrn. The rnicroplasrna source has been investigated by 
optical emission spectroscopy and an electrostatic probe. The results of diagnostics show that the emission 
intensity, electron density, and rotational temperature increase with increasing incident microwave power, 
microwave frequency, and dielectric constant. The distribution of the rotational temperature inside the 
rnicroplasrna chamber indicates that the rnicroplasrna source presented here is desirable to the rnicrothruster, 
because the temperature increases at the exit of the plasma chamber where a rnicronozzle is equipped. In 
the range of microwave powers 2-10 W and of Ar gas flow rates 50-500 sccrn, the electron densities and 
rotational temperatures obtained were 1016-1019 rn a and 500-1000 K, respectively. As a preliminary thrust 
performance measurement, the thrust and specific impulse obtained were 2.0 rnN and 136 s with a thrust 
elficiency of 12 % at a 4-GHz microwave input power of 5 W and an Ar mass flow rate of 1.5 rng/s. 
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