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ABSTRACT 
> . .  - 

Experimental studies of plasma heating due to 

microwave irradiation of the magnetically confined 

plasma column in the Princeton L-3 device is presented. 

X-band (10.4 GHz) microwave power, both in 'the ordinary 

'and the extraordinary modes of propagation, is used in 

these experiments. Plasma heating is observed to occur 

simultaneously with the occurance of parametric decay 

instabilities. The mode structure of the pump wave and 

the decay ion wave dispersion has been measured with 

high frequency probes. Detailed measurements of electron 

heating rates are presented and compared with collisional 

heating rates. In addition, production of suprathermal 

electrons and ions is also observed and measured. A 
\ 

b 

comparison is made with r.ecent laser-pellet'inte%action 
\<< 

\ experiments. ' 

\ 
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Because of pogsible applications to laser pellet inter- 

action and rf heating of magnetically confined plasmas, the 

study of parametric instabilities and associated heat- 

ing is of considerable - importance [l, 21 .To present date most 

experimental studies of parametric instabilities and p'lasma 

.heating have been performed . . in uniform plasmas. However, it 

.. has been shown in a rltirnber of theorct4cal paper3 t h s ~  ii~hnmn- 

geneities of density, temperature, or magnetic field may 

considerably modify the nature of these instabilities, and' 

cohsdquently the associated plasma heating [3] .Therefore it 

is of interest to perform experiments in inhomogeneous plasmas 

to test the validity of these theories, and to determine what 
. 

type of plasma heating one may obtain. This requires either 

sufficiently high temperatures and/or sufficiently collision- 
. . 

less plasmas, and electromagnetic waves incident onto an inhomo- 

geneous plasma from'the outside. In order to study some of I 

these effects, we set up an experiment in the Princeton L-3' 

device where a fast rise time (50 nano-sec) X-band (W0.= 10.4 QHz, 

lo = 2.9 cm) collimated microwave beam (appro,ximately 3.5 x 3.5 cm 

illumination area) was radiated onto the magnetically confined 

plasma column. Depending Upon tllc psltlri?stion of 'he incjdent 
. . 

.electric field two modes of operation were used: (a) The ordinary 
. . 

+- -+ 
("0") mode of propagation (EollB where B is the external d~ - 

magnetic field); (b). The extra-ordinary mode of propagation 
-.. . 

-P 
. m 

("EO" , where ~ ~ 1 6 )  . ' In the 0 mode of propagation decay into 
6 .  . . .  

electron plasma waves (Bohm and Gross:or Langmuir waves), and 
... . 

ion acoustic waves is expected to occur[2,4].In the case of.. . . , 

:. 



EO mode decay into upper hybrid (Bernstein) and lower hybrid 

or ion acoustic waves is expected to occur[2,5].In particular, 

since in the present experiments o 3 2Qe, w = 100Qi, we 
Pe pi 

have for the most unstable mode, w = w /4, wci << w (where 
pi 

w (w ) is the electron (ion) plasma frequency, and Qe (Qi) 
Pe pi 
is the electron (ion) cyclotron frequency). The plasma diameter 

has been varied between 5 and 10 cm so that A. < d. The density 

gradient scale length is typically. H = 1 to 3 cm, so that 

ho " H, and the most unstable wavelength is of the order of 

X = 0.1 cm so that X/H.<< 1. Under these conditions we expect 

that in the ordinary mode of propagation the magnetic field 

effects can be ignored, and that for a large range of acoustic 

frequencies and wave-numbers ,(i.e., w < w) the WKB approxi- ci 

mation should hold when density gradient effects are included in 

the growth rate calculations C31 .On the other hand, WKB type of 

solutions for the incident wave will not be valid. Nevertheless, 

the present scaling, (i.e., sharp gradients) is very similar to 

recent results obtained in laser-pellet interactions(as well as 

in RF 11edtiny of fusion plasmas near the lower-hybrid frequency) 
b 

and hence it is of great interest to study this regime[6,21 . 
There have been only a few experimental studies of plasma 

heating due to parametric instabilities near the w = w layer, 
Pe 

especially in inhomogeneous plasmas (which is the case of 

interest in laser fusion). In particular, Dreicer et al. 

reported abservatiur~ uf suprathermal electrons produced during 

studies of anomalous absorption by rf cavity techniques[71. In 

this Q-machine experiment Te Ti, and collisional losses are 

sufficiently high so that the homogeneous theories apply. (In 



addition, the main:. heating was observed in the uniform rgion 

of the plasma) . More recently Miquno and ~ e ~ r o b t  reported 
' .. 

observation of parametric instabilities and plasma heatiirg in 

a plasma filled waveg,uide system[8].In this case-mainly studies 
. . 

on energetic tai1,:'formation were made. The most similar. experi- . . .  . . .  

mental arrangement to ours are those of Eubank [9] and Okabayashi . . 

et al. [lo]. Both,of these experiments were of preliminary 

nature, and thus: -.(a) no detailed measurements of the decay waves . . 

were made; (b) . due to the. slow, rise time of the microwave-,. system . . .  . . .  

(milliseconds~ no detailed measurer~lents of the inil;,lal heating . . . . 

rates could be made. Because of the s.low rise times, ionization 
.... 

problems were also-present. In addition,'no focusing device 
I 

., . 

(horn) was used to collimate the incident microwave beam. We 
. . . . 

had rectified these problems in the present experiment, and ... 
, . \ 

obtained further experimental data on the details of plasma 
. . - .  

heating associated,with parametric instabilities. preliminary 
. , 

results of.this work had been presented at a recent conference [Ill. 

The plan of the paper is as follows: In Section I1 we summarize 

the results of inhomogeneous plasma theory, in Sections 11.1 and 

IV we present the experimental results on the oUand EO mode of 
. . . . 

propagation, and in Section V the Summary and Conclusions are .,.. ... ..... .... .... . . 

given. 

... . . ...... 
In an inhomogeneous plasma the thresholds and growth rates 

.... 

of parametric decay:..instabilities may change due to convective 
... 

losses. As shown by Perkins and Flick, [3] the instabilities 
4 . . .... ..... 

may become convective, and for the parametric decay the following 
, ..... . . .  



effective threshold (i.eep a total amplification of exp(A) 

is obtained) has been obtained for the 0 mode: 

for strongly damped waves, and 

for weakly damped waves [i.e., for k,cs > (W1vi) 1 2 ]  . For 

Ti <<  Te, we have the following definitions: 

where vi is the damping rate of the ion acoustic wave, wl 

2 2 is its frequency, k2 = k,, + k,, k, < k, , cs = (~,/m~) 1/2 is 

the acoustic speed, 'io is the ion-neutral collision frequency, 

Te is the electron temperature (measured in units of energy), 

no is the equilibrium density, H is the density gradient scale 

length,.and A is the number of e-folding the decay waves are 

amplified as ,a function of pump power. We note that an approxi- 

mate lower,.limit on k, can be obtained from the condition of 

violation of the WKB approximation,. i.e., k, - l/x. Using the 

Lanmuir wave dispersion relation 

2 2 X 2 2 2 w = w (1 + g)  + 3 (k, + k,,)vte 
Pe ( 3 )  



we obtain 

- where ' AD - vte/ube is the electron Debye length, and - ... 

v te = (Te/me) 'I2 is the electron thermal speed. Thus, we see 
. . .  .. 3 .  . 

from Eq. 1 (a) and 1 (b) that the threshold increases with 
. . .. . .  . .. . 

decreasing values of k, (i.e., frequencies) for both weakly 

and strongly damped.'ion acoustic waves. The reason for this is 

that the amplification rate decrease's with longer wavelengths 
, .  . 

. . 
since the convective losses increase. We note that this result 

... 
is valid only for the 0-mode of propagation, and that similar 

calculations in inhomogeneous plasmas for the EO mode are not 

available. ~herefdre, we shall compare our results of the EO 

mode with theories of homogeneous plasmas [S]. Note that in 
. .  . . . 

~ q s .  1 (a) , 1 (b) in 'the right hand side the last term corresponds 
.. . . . 

to the results of uniform plasma theory [3,4]. Thus, in order 

to be in the regime of inhomogeneous hlasma thepry we need in 
., . 

the right hand side,the first term (l.e., the term proportional 

to l/(k,.H)) dominate the second term. This requires sufficiently 
. . 

small values of (v:-/uo) . If the inhomogeneous term dominates, e 
the spatial growth rate is given by [3] 

. . 
where A is given by Eqs. l(a) and .l(b). In the published. 

literature [ 3 ]  for growth of fluctuations' from background noise 
.. . . . . . .  

an "eff6ctive threshold" of A = 5 (or 2n) was chosen arbitrarily. 
. . ... .. . 



In the present work for threshold we shall use A = 1 (since 

we can monitor the initial- fluctuation Level). 

111.. EXPERIMENTAL. RESULTS FOR THE 
ORDINARY MODE ..OF'. PROPAGATION 

The experimental set up is. shown in Fig: 1. The pla.sma is 

produced by a slow wave. structure fed b$ a 1 kW S-band (2.45 GHz) 

microwave source which operates in -the non-resonant (wo <, fie) 

mode [12]. . Typical plasma parameters are as follows: 

$ 3  x 1012 ~ m - ~ ,  T~ = 5 e ~ ,  T~ = 0.1 ev, Bo 5 2 kG; nmax 

P = 2 x Torr in Helium gas, and ncrit 12 -3 = 1 . 3 5 ~ 1 0  cm 

(where n is defined as fo = f (ncrit) ) . A 3.5 kG dirror crit . Pe 

can be energized at the ends of the 1.,6 m long uniform 

(AB/B < +0.15%) device. The fast rise-time (-r = 50 nanosec) X-band 

microwave power is .radiated via a focusing horn onto the plasma 

column approximately near the center of the device (1 m from the - 
slow wave structure). In ,vacuum' the horn collimates the micro- 

wave beam up to the center of the chamber into a cross-sectional 

area of 3.5 x 3.5 cm. However, with the plasma present some 

refraction of the microwave beam.is observed, and high frequency 

fields within the width of the horn in a cylindrical shell around 

the plasma column are observed. We believe that similar effects 

may also occur in laser-pellet interaction, in which case an 

even more complicated spherical shell of electromagnetic radiation 

could form around the pellet. Therefore, as we shall see, it i s  

rather difficult to calculate the local electric fields near the 

critical surface, Typical diagnostics include an electrostatic 

multigrid energy analyze.r, ~angmuir probes, a fast rise time 

diamagnetic lobp, axially and radially moveable high frequency 



. . .  
probes ,  X-band r e c e i v e r  and) spectrum a n a l y z e r ,  a n d ' a n  8 mm 

t . . a .  

microwave i n t e r f e r o m e t e r  f o r  measuring d e n s i t y .  I n  F ig . '2  w e  
. . 

show measurementsbf  a t y p i c a l  d e n s i t y  g r a d i e n t  ( a s  determined 

by a Langmuir p r o b e ) ,  and f o r  o b t a i n i n g  t h e  proper  p e r s p e c t i v e  

w e  superimposed a 'schematic ske tch  of t h e  X-band f ree-space  
. . 

wavelength. Th i s  shows t h a t  t h e  average d iameter  of  o u r ,  plasma 

column corresponds' t o  t h r e e  t o  f i v e  f ree-space  X-band wavelengths 
. . 

(not u p l i k e  C02 l&er wavelength-pe l le t  s i z e  r a t i o s ) .  1s: . c t u a l  

measurements t h e  X-band waves w e r e  found t o  be p a r t i a l l y  s t and ing  
6 .  

waves due t o  r e f l e c t i o n s  1~oii-1 Lhe plasma columni . ., 
. . 

A s  t h e  inc ideRt  power was r a i s e d  above 15  w a t t s ,  (i .e. , 
-2 

Eo/ ( 4vnoTe) = 1.7b/vte - 10 ) paramet r ic  decay s p e c t r a  wi th  

maximum amplitudes'"'near 25 - 30 MHz - ( - f  . / 4 )  was picked up by 
P l  

h igh  frequency probes immersed i n  t h e  plasma n e a r  t h e  c r i t i c a l  

l a y e r .  The low frequency .. . i o n  wave spectrum and t h e  h igh  . 

frequency s ideband6, 'about  t h e  pump frequency s a t i s f i e d  t h e  usua l  
d * 

frequency s e l e c t i o n  r u l e s ,  wo = wl + w 2 .  Typica l  decay s p e c t r a  

cons ide rab ly  above: ..." t h re sho ld"  i s  shown i n  F ig .  3 ( a )  . Note t h a t  

a t  i n t e rmed ia t e  power l e v e l s  (237 w a t t s )  t h e  spectrum extends  

t o  f  (112  MHz) ,,',.:$he ion plasma frequency . However, a t  , v e r y  
p i  .. .. 

h igh  powers t h e  sp.ectrum extends  even somewhat above fpi., Also,  

a t  ve ry  high powers'. t h e  spectrum p i l e s  up i n  t h e  very  low . . 

frequency component.s, u n l i k e  a t  i n t e rmed ia t e  o r  low power . l e v e l s .  . . 

W e  have at tempted t o  measure e f f e c t i v e  " th resho lds"  o r  growth 

r a t e s  a s  p red ic t ed , ,by  Eq. l ( a ) ,  l ( b ) .  I n  F ig .  3 ( b )  w e  show an  

example of e f f e c t i v e  th re sho ld  (which w e  def ined  a t  A = l , , , i n  ... . . .. ., 

Eq. 1) a s  a f u n c t i o n  of w i . , k . The f u n c t i o n a l  v a r i a . t i o n  

i n d i c a t e s  good agreement wi th  Eq. 1. I n  p a r t i c u l a r ,  t h i s  f i g u r e  
. . 

. ,.. 
. .. 

@ 

4 



shows t h a t  t h e  threshold  decreases  wi th  inc reas ing  f requenc ies  

(wave-numbers) up t o  about f  / 4 ,  and then inc reases .  However, 
p i  

no te  t h a t  t h e  h igher  frequency components ( f  > f  / 4 )  a r e  p r e s e n t ,  p i  

even though l i n e a r  theory,would p r e d i c t  s t a b i l i t y  due t o  s t r o n g  

Landau damping a t  t h e  corresponding sidebands.  Although 

' t hese  higher  frequency modes a r e  c l e a r l y  p r e s e n t ,  t h e i r  ampli- 

tudes  (and a l s o  t h e  ampl i f i ca t ion  r a t e s  which w e  measured l a t e r )  

a r e  smal ler  than those  of t h e  most u n s t a b l e  modes., I t  is  poss i -  

b l e  t h a t  the  higher  frequency components a r e  generated by non- 

l i n e a r  e f f e c t s .  The threshold  o.f t h e  most uns tab le  wave 

( f  - 25  MHZ) i s ' i n  good agreement wi th  t h e  inhomogeneous th resho ld  

a t  A = 1, i .e. ,  t h  = 16 W ,  v /v 1 and it i s  
D t e  

approximately an order  of magnitude ( i n  power) above t h e  homo- 

geneous threshold  ( P t h =  1 . 6  W ,  vD/vte = 3 x 

We have made f u r t h e r  experiments by u s i n g . d i f f e r e n t  diameter  

plasma sources,  and operated under va r ious  cond i t ions ,  s o  a s  t o  

genera te  d i f f e r e n t  types of d e n s i t y  p r o f i l e s .  The g r a d i e n t  s c a l e -  

lengths  were var ied  from H = 1 t o  3 cm, and t h e  d e n s i t y  p r o f i l e s  

were no t  always exponent ial  a s  i n  Eig. 2.  I n  c o n t r a s t  t o  t h e  

r e s u l t s  shown i n  Fig. 3(b)' we found t h a t  t h e  th resho ld  curves  

were n o t  a " t y p i c a l "  r e s u l t ,  b u t  r a t h e r  a s p e c i a l  case .  I n  

genera l ,  t h e  .inhomogeneous threshold  theory (Eq. 1) was no t  always 

obeyed; r a t h e r ,  t h e  ampl i f i ca t ion  r a t e s  were o f t e n  independent of 

wave number ( o r  frequency) even f o r  f  < f  . / 4 .  An example of 
P= 

B U C ~  a cdse i s  i l l u s t r a t e d  by Fig.  4 ,  where w e  show-ampl i f i ca t ion  

of ind iv idua l  wave packets  which were s e l e c t e d  by appropr ia t e  

f i l t e r i n g  and heterodyne techniques.  W e  no te  t h a t  i n  t h i s  c a s e  

the  ampl i f i ca t ion  as a funcLPvn of pump power . i s  n e a r l y  independent 



of wave number, and t h a t  t h e  only  c0le'ar tendency i s  a  d ; f in i te  
. . 

r e d u c t i o n  i n  a m p l i f i c a t i o n  r a t e s  above f  = f  / 4  ( o r  25 k z )  
.. . . . p i  . . 

(a s i g n  of ~ a n d a u  damping). These r e s u l t s  are i n  c l e a r ' - c o n t r a s t  

t o  t h e  p r e d i c t i o n s  of inhomogeneous plasma theory ,  i . e  ., Eq. 1. 

The r a d i a l  l o c a t i o n  of decay wave amplitude and r e l a t i v e  

pump wave l e v e l  is shown i n  Fig .  5. I n  Fig.  5 ( a )  w e  show t h a t  
.. .. 

t h e  i n c i d e n t  powek. i s  s t r o n g l y  decreas ing  be fo re  t h e  c r i t i c a l  
.. . . 

l a y e r ,  and t h a t  it, r e f r a c t s  around t h e  plasma column (which i.. 
. . 

t h e  p r e s e n t  case  had a  b e l l  shaped p r o f i l e  wi th  i t s  cent& 
, .. . 

l o c a t e d  near  r c m .  Note t h a t  t h e  decay spectrum i s  peaked 
. .. 

n e a r  r = 2.5 crn,:just o u t s i d e  t h e  c r i t i c a l  l a y e r  (which was 

approximately r -::2.2 cm) , and t h a t  a  smal l e r  peak i s  p r e s e n t  

on t h e  oppos i t e  side- of t h e  plasma column due t o  t h e  r e f r a c t e d  
. . . 

(and i n  genera l  lo,wer amplitude) microwave beam. From t h i s  
. . 

. . . 
p i c t u r e  we s e e  t h a t  t h e  de'cay i n s t a b i l i t y  i s  loca ted  i n  a  

. . 

s t r o n g l y  nonunif0r.m r f  pump f i e l d ,  wi th  i t s  amplitudes decreas ing  

a t  s c a l e  l e n g t h s  comparable t o .  t h e  g r a d i e n t  s c a l e  l e n g t h  of . . 
.. .. 

i nc reas ing  plasma density. .  T h i s  is  i n  c o n t r a s t  t o  t h e  usual  . . 

t h e o r i e s  which assume a  cons tan t  pump f i e l d  [ 3 ] .  Furthermore, 

t h e  a c t u a l  l o c a l  pump e l e c t r i c  f i e l d s  near  t h e  c r i t i c a l  s.u,rface 

a r e  smal ler  than one. would o b t a i n -  from c a l c u l a t i o n s  us ing  ,.$he 
.. . 

i n c i d e n t  pump poweeiand vacuum f i e l d  r a d i a t i o n  p a t t e r n s .  Because .. . . . 

of complicat ions a r i s i n g  from r e f r a c t i o n  e f f e c t s ,  and t e c h n i c a l  

d i f f i c u l t i e s  a r i s i n g w h e n  we t r i e d  t o  measure t h e  l o c a l  e l e c t r i c  

f i e l d s  with probes,  w e  were unable t o  determine q u a n t i t a t i v e l y  t h e  

l o c a l  pump e lec t r i c : , :£  i e l d s .  Hence, i n  t h i s  paper we s h a l l ,  quote  . .. 

t h e  vacuum e lec t r ic . , : : . f ie lds  c a l c u l a t e d  from t h e  r a d i a t i o n .  . .. 

of t h e  horn. According t o  Fig.  5 ( a )  t h e  a c t u a l  l o c a l  e l e c t r i c  



fields near the critical layer could be smaller than the inti- 

dent electric fields by a factor of 3 to 5, and thus the observed 

thresholds are well within an order of magnitude of uniform 

plasma theory. Because of the presence of the magnetic field, 

we do not believe that linear mode conversion is of importance 

in the present geometry. Our attempts to detect such linearly 

converted waves proved negative. 

In order to verify that the low frequency decay waves were 

ion acoustic waves, we carried out interferometrkc measurements 

somewhat above threshold using band-pass filters. In such a 

manner the dispersion relation for ion acoustic waves with 

frequencies up to 15 MHz (or A,,  = 0.75 mrn) were verified. 

Figure 6 shows the results of such measurements. We also show a 

typical interferometer output of an ion acoustic wave packet at 

f = 7.5 MHz, near the center of the microwave.horn. Similar 

data was used to obtain the dispersion curve of Fig. 6. Higher 

frequencies could not be measured with the present probe 

techniques since the wavelengths .became comparable with probe 

dimensions. Also, for higher pump powers (Pin > 400 W) the 

cross correlation distances became comparable wkth wavelengths, 

indicating transition to strongly turbulent regimes. 

In addition to studying the mechanism of parametric decay, 

the important goal in our experiment was to study anomalous heat- 

ing of the plasma. This requires a fast rise-time microwave pulse 

so that heating rates faster than the classical collisional value 

could be detected. In our plasma the total electron-ion and 

6 electron-neutral collision frequency is v . 6 x 10 sec-l. The rise 
i 

time of the microwave system was -r - 50 nsec, which proved to be 



... . 
sufficiently short to demon st rat^ the presence of anomalously 
fast main body plgkma heating. In Fig. 7 we show results of 

the retarding potential electron energy analyzer measurements 

of the electron distribution function at low and at high rf 

pump powers. We see that at low power (Pin 
. , . . .  

= 118 W) the 

temperature increa.sed . . from Te = 5 eV to about 6.5 eV. There . ,. . 

was also a small energetic tail present (not shown here).. At 

higher power level'a larger tail as well as more main body . . 

heating was observed. . . The distri'bution function is Of a' , two-  . . 

component Manwelli.cn form, 'l'hese results were obtained i o ~  
. . 

microwave pulses o? a few microseconds in duration. Once the 
.. . 

pulse length was increased . .  . over r .= 3-4 psec, the heating 

remained independent of time. The growth rates are sufficiently 

large so that in ohe microsecond the parametric decay spectrum 
z 3 

was fully developed,and saturated. OY course, at high pump 

powers the purely growing mode 141 could also be excited..: However, 
.. . 

the detection of this mode is difficult, and we have not made . . 

detailed measurements concerning the presence or absence of such 

an instability in the present experiments. From these and 

similar measurements we find that at the highest power levels used 

('in - 4 kW) at mos:t a few percent of the particles were in the 
tail. The temperaesre of the tail was 

Te ': 50 eV for main body 
temperatures of the':order Te d 20 eV. Also, even at the ' 

maximum input power, of. P = 4 kW (i.e., vD/vth = 0.2) the 

observed maximum particle energies were limited to E 0.5 keV. 
. .  . . . 

We note that these results compare qualitatively with the 1 :  

predictions of the nonlinear theory and computer results for the . 

case of finite interaction region of Thompson et a1. . [13] . Of 



course, 'the detailed nature of suprathermal tail formation 

(such as number of particles and maximum particle energ,ies) 

depends crucially on the size of interaction region and hence 

no quantitative agreement between real and computer experiments 

could be expected. 

In Fig. 8 we show energy analyzer measurements of energetic 

ions. It can be seen that for input powers of 1.4 kW ions 

with energies up to 30 volt are present, and that the ions are 

drifting with a mean energy of E - 15 volt. Such drifting ions 

were present for input powers above threshold (10 W), and with 

increasing input powers a signifi,cant increase in ion energies 

was observed. At maximum input powers of Pin 2 5 kW(vD/vT - 0.2) 
ions with maximum energies of 60 volt were detected, which 

corresponds approximately to the mean energy (temperature) of 

the suprathermal electrons. Maximum drift velocities were 

approximately 15-20 volt, and the number of particles in this 

tail were approximately equal to the number of electrons in the 

electron tail (i. e., - 1-2%) . We remark that since the trans- 

mission coefficient.of ions passing into the energy analyzer 

are not known accurately, the accuracy of estimating the number 

of ions in the tail is not very good (order of magnitude estimate). 

We have also made spectroscopic~measurements ,of main body heating 

d of ions (initially Ti < 0.1 eV). However, we could not detect 

significant main body ion heating during the short pulses 

( T  10 p s e ~ ) .  Finally, we note that radiai scans with the 

energy analyzer showed that both electron and ion heating were 

localized to regions where the parametric decay waves had large 
.. , 

amplitudes (near the critical layer) and had the same radial 

distribution as that shown in Fig, 5(b). 



. ... - .  .. . 

W e  have a l s o  performed measurements o f  h e a t i n g  wi th  a s h i e l d e d  
. .. . . .. . . . 

diamagnet ic  loop. , ,  , Figure  9 shows t h e  r e s u l t s  of such measurements. 
. . , .  . . ". . . 

W e  see t h a t  some h e a t i n g  occur s  above t h r e s h o l d  (10 W), and t h a t  

cons ide rab ly  h ighe r  .. . r a t e  of h e a t i n g  occur s  above Pin = 1:00 W. .. . 

These measurements . .. t end  t o  co r robora te  t h e  r e t a r t i n g  p o t e n t i a l  
I 

energy ana lyze r  me.asurements .. .. (.i . e,. , . t h a t  s i g n i f i c a n t  h e a t i n g  
. ... .. . 

o c c u r s  only above t h r e s h o l d  f o r  pa ramet r i c  i n s t a b i l i t i e s ) ' .  
-. . . - , .. >. 

T h e  t o t a l  pe rpend icu la r  .. .. . energy i n c r e a s e  a t  Pin = 4 kW c o r r e r y u ~ ~ r l s  

t o  approximately . AT, . - 2 eP,  a s  determined by t h e  c a l i b ~ a t e d  
I, 

diamagnet ic  loop. . W e  no te  t h a t  , t h i s  i,s approximately an .order  . 

of magnitude less than t h e  p a r a l l e l  h e a t i n g ,  ATll. . . . . 

Since  a cons ide rab le  f r a c t i o n  of t h e  energy ( i n  some,cases  
I t , . .  . . 

most of t h e  energy)  went i n t o  main e l e c t r o n  body heating,:.:.we 

performed measurements of t h e  main temperature  nea r  t h e  peak 
... . . ,. 

of t h e  paramet r ic  i n s t a b i l i t y  reg& (which a l s o  coincided,  w i th  
.. .. . . . 

t h e  l o c a t i o n  of t h e  peak temperature)  a s  a f u n c t i o n  of time and . . . . .  , ... 

i n p u t  power. Thes%..measurements w e r e  done by a Langmuir probe 

and box-car i n t e g r a t o r  sampling technique.  The probes w e r e  

l o c a t e d  downstream,from t h e  microwave r eg ion  s o " t h a t  spu r ious  
.. - 

. . 
r f  pickup problems.would n o t  occur .  (The energy analyzer. .was 

. .. 

removed dur ing  t h e s e  measurements) . Figure  10 ( a )  shows t h e  . .. . . 
. . 

r e s u l t s  of such measurements. W e  see. t h a t  s i m i l a r  t o  t h e  :': 
2 ,. . .. ... . . 

energy ana lyze r  mesurements ,  beyond a few microseconds th,e 
.. . . . 

h e a t i n g  s a t u r a t e s .  ' '  I n  a d d i t i o n ,  a s  t h e  i n p u t  power (and hence 

h e a t i n g  r a t e )  i s  inc reased ,  t h e  s a t u r a t i o n  o c c u r s  a t  somewhat 
. . 

e a r l i e r  t i m e s .   his sugges t s  t h a t  i n .  t h e  p r e s e n t  experiment , 

convect ive  l o s s e s  o h  of t h e  reg ion  of  h e a t i n g  may conside'rably 

l i m i t  t h e  maximum e l e c t r o n  temperature.  S i m i l a r  s a t u r a t i o h  
.... 

. . i ..*.. 



effects have been observed by Grek during studies of parametric 

heating near the cyclotron harmonic frequencies [14]. In Fig. 10(b) 

we plotted the average rate of change of temperature in the first 

few microseconds. We see that the heating rate increases roughly 

linearly with input power. At low powers (p  < 100 W) the heating 
in 

could be.increasing faster than linearly with input power. 

However, due to background fluctuations and small changes in . 
1 

temperature in this regime we.could not make quantitative 

measurements. At high powers (P > 1 kW) the heating rates in 

saturate. This may be due to increased losses, and/or satura- 

tion of the response time of our diagnostic system (the latter 

is' not rel.iable for times less than one psec). A quantitative 

comparison.of the slope of Fig. 10(b) indicates heating rates 

a factor of 20 faster than classical collisional absorption (due 

to coulomb and electron-neutral. collisions). Thus, we conclude 

that for input powers a factor of five or more above threshold 

the main body electron temperature is heated anomalously fast 

due to the simultaneously occur.ing (and localized in the same 

radial position) parametric,instabilities. 

Finally, we should mention that we have also attempted to 

measure the possible presence of anomalous reflection and/or 

absorption directly, using directional couplers 'in the waveguide 

(placed just before the .incident microwave horn). However, 

these measurements showed only 7% reflection, almost independent 

of incident power. We concluded that most of the incident 

power was absorbed and/or cunvected away by refraction around 

the plasma column, and thus the receiving cross.section of the 

transmitting horn (which was located approximately 5 cm from the 



plasma column) wgs too small to make meaningful measurements. 

We have a1,so'performed heating experiments in the extraordinary 

mode of propagati'on. In Fig. 11 (a) we show the amplitudes of the 

decay spectrum at? three different power levels and in Fig. ll(b) 

we show typical thresholds for parametric decay. The dgcay layer 
. . 

in the present cabe was riear the electron plasma f r e q u e r r b y ,  

- f -;:. = (since -at fo - UH 10.4 GHz, fce = 4.5 GHz, f c .  = 9.5 GHz). 
Pe 

f' 
. . 

we note that since H < Ao, there is sufficient tunneling for 
.. . 

the incident waves.to get to the upper hybrid layer. The most 

unstable wave is fiear f - 50 MHz, which is slightly above the 
local lower hybrid.. frequency (f = 45 MHz near the critical 

LH 

layer for fUH) . , AS the pump power i s  increased we see from 
the spectrum that +::ion acoustic waves (.f < 40. MHz.) as weli: as 

., .. 
, .. 

some cold lower hFbrid waves (Trivelpiece-Gould modes) (3' > 60 MHz) 

are excited. 'The spectrum around the pump frequency showed the 

presence of a lower sideband, which was the image of the"1ow 

frequency spectrurri; Because of the expected very short wave- . . 

lengths, interferometric techniques with probes did not work 

in the present exp.eriments. However, earlier measurements by 

Grek.and Porkolab .in a uniform plasma in a capacitor geometry 
. . 

corroborate such assumptions [14]. We also note that similar 

spectra was also observed in the FM-1 spherator at Princeton . .. 

[lo] in the regime.::: w << ". ... 
Pe 

In Fig. 12 we .show the electron distribution function due 

to the parametric decay. We see that both main body and :tail . . 

heating occurs, and that the results are quite similar to.those .. . . . 



obtained in the ordinary mode of propagation.  gain, a few . . 

percent of the particles.(up to 5%) were in the tail at Pin 4 kW, 

and particle energies above.0.5 kV were not observed. Measure- 

ments of electron temperature with Langmuir probes were also 

similar to.those obtained in the 0-mode, with typical heating ' 

times of one to two'microseconds. Heating of the ion tail has. 

also been observed, with a typical mean drift energy of 15 eV, 

and a broadening of 4 eV for input powers of ',pin' - 2 kW and pulse 
length' of 1 0  vsec. For longer pulse lengths ionization took 

place, and no measurements were taken. 

In Fig. 13 we show a summary of the localization of heating 

in the EO mode, and parametric decay in a plasma with rather 

steep density gradients. Note the effects of refraction of the 

electromagnetic wave around the plasma column (i.e.', decay on 

both sides), as well as'the localization of the decay waves and 
w .  

ion heating:'.These both strongly suggest that ion heating is 

associated with the presence of the low frequency fluctuations 

and possibly acceleration by the expanding suprathermal electrons 

(also localized in the same .layer.) The sideband upper-hybrid 

(or Bernstein) .waves wer.e also localized in this same layer, as 

well as the observed electron heating, as shown in Fig. 14. Note 

that the instability (and heatingk regions are localized in 

regions. of strongly decreasing..electric fields and:density gradients, 

hence a quan$itative'comparison .of thresholds and. growth rates 

with theories assuming constant rf pump fields is' not justified. 

However, it.is interesting,to note .that similarly to the 0-mode 

and to the FM-1 experiments [.10], 'the estimated local threshold 

fields near ,the critical layer were not too different (i.e. , well 



. . 
,. ~. 

within an order of.magnitude) of the predictions of uniform 
. .. 

plasma and rf field theories [5]. of course, the incident 

power is higher since tunneling must '-take place. Since much 
.,.. . . 

of the results obtained in thepresent experiments ( w  > Re) 
.- . . . .. Pe 

at high powers in the EO mode of operation were quite similar . . 

to those of the 0-mode, we shall not present any further data 

here. 
.'. 

V. ,.. SUMMARY AND CONCLUSIONS 

., . . 
We have studied excitation of parametric instabilities 

during microwave heating of a magnetized plasma. Since the 

magnetic field was weak (i.e., R < o ) the heating observed . . . . e Pe . . . .. 
during both ordinary' and extraordinary mode of irradiation was 

. . 

quite similar. For..the ordinary.mode of excitation the decay . . . . . .  . . 

waves have been measured, and the waves were identified to be 
. . 

ion acoustic waves.-'.The waves were localized in a narrow 
, 

. .. 

packet in the density gradient, in the vicinity of the critical 
. . 

layer, and at high powers had frequencies from 
.. * . 

f = 0 to fpi. 

The lower sideband was believed to be Langmuir waves (from 

frequency and wave-number matching.) The threshold for instabili- 

ty of the different :wave-number components depended on the.. back- 
.... . .. 

ground plasma condiiions, and followed the predictions of inhomo- 
. .. 

geneous plasma theory . .  . only occasionally. In particular, a number 
.. . . . .. . - .  

of different density'profiles were tried but in all cases 
.. . 

H = (Vno/no) * A,,' and in many case; the threshold for decay was 
.. . . . .. 

nearly independent 0.f the wave number '(frequency) of decay waves. 

There could be severii reasons for the irreproducibility of non- 

uniform plasma theory. (a) Refraction of the incident microwave 

beam around the plasma column was always observed; (b) The pump 
... . ... 



electric fields were inhomogeneous (i.e., strongly decreasing 

in front of the critical layer) where the parametric decay instabili- 

ty was localized (i.e., (Vn /.n 2 A v IEo 1 / IEo 1 ) . (c) The 
0 0 0 

density gradients were not' always linear (as usually assumed by 

parametric theories). (d) The initial background fluctuation 

level was often as high as n/n - 5%. (e) Nonlinear interactions 
0 

among.the different wave-number components may be strong.. ~hus., 

we. believe that some of these effects may be sufficient to . 

invalidate the predictions of the usual theories of parametric 

instabilities in inhomogeneous plasma. The importance of some 

of these effects have been discussed recently [15]. 

The important conclusion obtained in the present work is 

-1- 
that even in the presence of sharp density gradient [(vn0/no) - A,] 

strong parametric decay instabilLty was observed near the critical 

layer. The local threshold (near the critical layer) for these 

instabilities was comparable with the predictions of uniform 

plasma theory (well within anaorder of magnitude) in both the . 

ordinary and the extraordinary modes of propagation. However, 

this corresponded to approximately an order of magnitude higher 

incident power levels (possibly due to tunneling and refraction 

effects.) Measurements of plasma heating showed the formation 

of two-component Maxwellian distribution fu~ction of electrons 

with a few percent of the particles in the tail for input powers 

3 orders of.magnitude above uniform plasma thresholds. However, 

the maximum tail temperatures were within a factor of five of 

the main body temperature (cold component), and the maximum 

particle energies observed were at.most only a factor of fifty 

I higher than the mean energy of the cold component. Direct 



) 

measurements of the . . heating rate of the main body of electrons 

(cold component) Lhowed .. . . an anoma1opsl.y fast heating rate, -namely 
.. . 

a factor of twenty,faster than classi.ca1 collisional absorption. 

The heating was ldcalized to regions where the strong parametric 
. . 

decay instability.was present. We postulate that nonlinearly 
. .. 

generated short wavelength components may be responsible for 
, . . . . . 

the fast heating o£ the main body 113-1 (in particular, strong 
. .. . . . 

decay spectrum was :observed with frequencies up to the ion 

plasma frequency, i.e., kAD 1 .  Alternatively, other 

nonlinear effects, such as resonance broadening [16] may have . . .  
. . . . 

to be invoked to explain the present.results. A group of 

energe.tic ions was also observed, with maximum energies of, 
2 .  .. . . , 

the order of the mean energy of the suprathermal electrons. 

su comparison of these results with laser-pellet interaction 
.. . .. . 

experiment [6] strongly suggest that the observed good laser . ..- . .. . I 

absorption, the lack.of extremely energetic suprathermal electrons, . . .  . . .  , . 

and the generation of energetic ions may be consistent with the 
. .. . . 

excitation of the pa,rametric decay instability near the critical 
,. . .. . 

layer. In particular, the presence of the magnetic field and 
. . ... . 

strong gradients in our experiments shows that'the presence of 
. . . . 

self-generated magnetic fields and strong density gradients 
... . . .. . 

observed in laser experiments [171 do not necessarily prevent 
. . . . 

the excitation of strong parametric de"cay instabilities. In 
., , 

parti~ular~recently drek et a1 [18] in CO laser-foil interaction 
2 

experiments 0bserved::the presence of sideband decay spectrqn . , 

which was quite simildr to ours. In c,onclusion, more theoretical 

work on parametric igstabilities in strongly inhomogeneous plasmas 

are needed to get better agreement between experiment and theory. 
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Fig. 2. A typical density gradient (log scale) and 
a sketch of the free-space X-band wavelength. 
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Fig. 3 (a) . Low frequency decay spectrum. 0-mode. 
Fig. 3(b); Experimentally measured thresholds at A = 1 , 

(dots) uniform, ~ l a s m a  theory (dashed line) , and nonuniform 
plasma theory '('solid line) (the latter calibrated on absolute 
scale from the incident power levels); 0-mode. 



Pin (WATTS) 
753530 

Fig. 4. Amplification rates of background.fluctuations 
for different frequencies. The density profile and the plasma 
diameter are different from that of Fig. (3); O-mode. 
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Fig. 6. Ion acoustic wave dispersion relation obtained from 
parametrically pumped low frequency noise. , Inset shows typical 
interferometer output about center of microwave horn near the 
critical layer; 0-mode. 



V (VOLTS) 

Fig. 7 .  ~nergy analyzer measurements of the parallel 
electron energies; 0-mode. 



ANALYZER VOLTAGE (VOLTS) 

~ i g .  8. Energy analyzer measurements of the parallel ion 
energies (I), and distribution function deduced from these currents 
(fi(v));Pin = 3800 watts, r = 10 psec: 0-mode. 
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Fig .  1 0 ( a ) .  Temperature ob ta ined  from a Langmuir probe 
a s  a f i ~ n c t i o n  of t i m e  d ~ l d  i n p u t  power; 0-mode. 

F ig .  1 0 ( b ) .  I n i t i a l  h e a t i n g  ra tes  i n  t h e  f i r s t  few 
micro-seconds a s  a f u n c t i o n  of  power; 0-mode. 
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Fig. 12. Energy analyzer measurements of the parallel 

electron energies. T = 10 psec; EO mode. 
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Fig. 1 3 .  ~ o c a l i z a t i o n  of decay wave spectrum, ion  e'nergy, 
and r e l a t i v e  RF pump power. P = 3800 wa t t s . -  i n  
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