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A b s t r a c t  

Resu l t s  a r e  p resen ted  o f  a  r e c e n t  wind t u n n e l  experiment i n  which e l e c t r i c a l l y  un- 
charged water  drops o f  500 t o  3000 um e q u i v a l e n t  r a d i u s  a r e  f r e e l y  suspended i n  t h e  ver -  
t i c a l  a i r  stream o f  t h e  UCLA Cloud Tunnel. During t h i s  suspension t h e  drops were exposed 
t o  e x t e r n a l ,  v e r t i c a l  electric f i e l d s  o f  500 t o  8,300 Volts/cm. The chacgc i n  drop shape 
with  d rop  s i z e  and electric f i e l d  s t r e n g t h  was noted an. is d i s c u s s e d  i n  t h e  l i g h t  o f  theo-  
r e t i c a l  work c i t e d  i n  t h e  l i t e r a t u r e  which u n f o r t u n a t e l y  does  n o t  t a k e  i n t o  account  t h e  
e f f e c t s  o f  a i r  f low p a s t  t h e  drop. The wind t u n n e l  s tudy  is documented h e r e  by stills from 
a 16 MM f i l m  r e c o r d  t h a t  demonstra tes  t h e  shape of  wa te r  d rops  i n  response t o  bo th  hydro- 
dynamic and electric f o r c e s .  

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

Cloud p r e c i p i t a t i o n  s t r o n g l y  a f f e c t s  t h e  propagat ion o f  e lec t romagne t ic  r a d i a t i o n .  
Much a t t e n t i o n  has  been given t o  t h e  dependence of t h e  s c a t t e r i n g  of e l e c t r o m a g n e t i c  r a -  
d i a t i o n  o f  r a d a r  frequency on t h e  s i z e  o f  t h e  p r e c i p i t a t i o n  p a r t i c l e .  P a r t i c l e  shape,  
however, a l s o  appears  t o  be an  important  parameter.  I n  p a r t i c u l a r ,  non-spher ic i ty  i n t r o -  
duces asymmetry i n  t h e  b a c k s c a t t e r  r a d i a t i o n  f i e l d .  T h i s  d i s t o r t i o n  forms t h e  b a s i s  o f  
new techn iques  f o r  h a i l / r a i n  d i s c r i m i n a t i o n ,  f o r  t h e  de te rmina t ion  of  r a i n d r o p  s i z e  d i s -  
t r i b u t i o n ,  and f o r  t h e  de te rmina t ion  of  r a i n f a l l  r a t e s  from r a d a r  observa t ions .  

To e v a l u a t e  t h e  r a d a r  d a t a ,  t h e  above mentioned techn iques  use  t h e  d rop  shapes  exper i -  
mental ly  der ived  from t h e  wind tunne l  measuremeqts o f  Pruppacher and ~ e a r d '  and from t h e  
t h e o r e t i c a l  model o f  Pruppacher and p i t t e r 2 .  These drop shapes  apply t o  e q u i l i b r i u m  con- 
d i t i o n s  only.  I t  is f u r t h e r  assumed t h a t  t h e  d rop  i n  n e i t h e r  e l e c t r i c a l l y  charged nor 
embedded i n  an e x t e r n a l  electric f i e l d .  I n  a c t u a l i t y ,  however, drops do no t  f a l l  w i t h  a  
c o n s t a n t  shape b u t  r a t h e r  undergo complex o s c i l l a t i o n s  around t h e i r  e q u i l i b r i u m  shape. 
In  a d d i t i o n ,  many c louds  a r e  e l e c t r i c a l l y  chargea  even i n  t h e i r  e a r l y  s t a g e s  o f  develop- 
ment and, consequent ly ,  e x h i b i t  v e r t i c a l  and h o r i z o n t a l  electric f i e l d s .  Such electric 
f i e l d s  cause t h e  d rops  t o  be - - e c t r i c a l l y  p o l a r i z e d  and t h e r e f o r e  a f f e c t  t h e  e q u i l i b r i u m  
shape, as  w e l l  a s  both t h e  o s c i l l a t i o n  f requency and t h e  o s c i l l a t i o n  ampli tude o f  t h e  drop. 
The e l e c t r i c a l l y  induced change i n  shape a l s o  a f f e c t s  t h e  f a l l  v e l o c i t y  o f  a  drop. I n  
a d d i t i ~ n ,  changes i n  t h e  o s c i l l a t o r y  motions may cause  changes i n  t h e  d rop  break-up 
behavior.  A l l  t h e s e  c e f e c t s ,  i n  t u r n ,  i n f l u e n c e  t h e  drop s i z e  d C s t r i b u t i o n  and t h u s  t h e  
r a t e  of format ion of p r e c i p i t a t i o n  i n s i d e  a  clocld. 

In  t h i s  r e p o r t  w e  concern o u r s e l v e s  e x c l u s i v e l y  w i t h  t h e  e f f e c i s  o f  e x t e r n a l ,  v e r t i c a l  
electric f i e l d  on drop shape. Severa l  r e c e n t  r e p o r t s  a r e  a v a i l a b l e  on t h i s  t c p i c .  Dawson 
and warrender '  s t u d i e d  exper imenta l ly  t h e  e f f e c t  of a  v e r t i c a l ,  e x t e r n a l  e l e c t r i c  f i e l d  Eo 
on t h e  t e r m i n a l  v e l o c i t y  V, of  e l e c t r i c a l l y  uncharged wate r  drops i n  a i r  which s u f f e r  a  
shape deformat ion due t o  t h e  electric f i e l d .  Genera l ly ,  Y, was found t o  i n c r e a s e  w i t h  t h e  
electric f i e l d  s t r e n g t h .  However, t h e  v e l o c i t y  i n c r e a s e  found was q u i t e  smal l .  For  d rops  
o f  betweel, 3  and 4 mm e q u i v a l e n t  r a d i u s  a, (which is t h e  r a d i u s  of a  ' sphere  h a v i ~ g  t h e  
same volume a s  t h e  d i s t o r t e d  drop)  , V, changed from 8.9 m/sec a t  Eo = 0 t o  9.9 m sec-I  a t  
Eo = 9 kV/cm. These changes a r e  s m a l l e r  than  t h o s e  due t o  c h m g e s  caused by t h e  v a r i a t i o n  
i n  a i r  d e n s i t y  and aix -:.scosity which a  d rop  exper iences  a s  i: f a l l s  i n  t h e  atmosphere'. 
Unfor tunately ,  t h e s e  vc?.acity c\anges were n o t  c o r r e l a t e d  t o  t h e  corresponding shape 
changes of t h e  drop,  and only a few drop s i z e s  were s t u d i e d .  

B i l l i n g s  and kIollands and Brazier-Smith et  a l . '  s t u d i e d  exper imenta l ly  and t h e o r e t i c a l l y  
t h e  e f f e c t  o f  an h o r i z o n t a l ,  e x t e r n a l  e l e c t r i c  f i e l d  on t h e  o s c i l l a t i o n  frequency of  i 
water  drop f a l l i n g  i n  a i r .  For a  given drop s i z e  a,, t h e  v i b r a t i o n a l  f requency was found 
t o  decrease  wi th  i n c r e a s i n g  Eo i n  a  manner c l o s e l y  p r e d i c t a b l e  by theory .  Once a g a i n ,  
on ly  a  few drop s i z e s  were s t u d i e d ,  and t h e  t u r b u l e n c e  i n  t h e  wind t u n n e l  xsed f o r  
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characterizing the vibratio~r of the drops was not controlled. Nn studies of the frequency 
of drop oscillations were made for vertical electric fields. 

Theoretical studies of the effects of an external electric field on the drop shape b/a 
(where a is the semi-axis perpendicular to the drop's fall axis, and b is the semi-axis 
along the drop's fall axis) were carried out by O'Konski and Thatcher', Taylor', Brazier- 
smith9 ,'', Abbas and  ath ham", and Richards and ~awson' '. ihese studies showed that a 
water drop originally spherical becomes strongly prolate-spheroidally deformed in an ex- 
ternal, vertical electric field. The deformations predicted by these theories appear t~ 
agree quite well with each other, in particular regarding the maximum stable drop deforma- 
tion before Qreak-up. The critical axis ratios predicted for break-up vary between b/a = 
1.86 (~aylor') and h / a  = 1.83 (Brazier-smith1\. These estimates also agree with the value 
theoretically predicted by Abbas and ~athm,". The various theories also indicate that the 
deformation parameter b/a can uni uely be expressed as an in~reasing function of the non- 
dimensional quantity X = Eo(a,/u)?, where o is the surface tension of water in air (Pig. 4. 

Break-up of electrically unchar ed drops was 9 predicted for X = 1.625 (Taylor and for 
X = 1.603 (~razier-smith"), in agreement 
with the critical value of X computed by 
Abbas and  ath ham". This correlation w e s t s  
that, for a given drop size ana air pressze, 
the electric field required for a certain 
drop deformation, for drop break-up, and for 

I t 
the onset of corona discharge increases as i :  
the temperature decreases. i.e., as the sur- L 

t 

face tension increases. This trend has been i t  

experimentally verified by Ausman and Brrnkl'. 
A different trend has been found with regard 
to air pressure. Griffiths and   at ham" 
showed that the electric field strength re- 
quired for onset of corona discharge on 
drops decreased with decreasing air pressure. 

Electric charge appears to have a consi- 
derable effect on the electric field stzength 
required for drop deformation. Abbas and 

Figure 1. Variation of the ;heoretically   at ham!' showed that the correlation of b/y 
predicted shape of a water with X = Eo(ao/u)% varies with the electric 

4 charge Q on s drop, shifting to smaller drop in air with X = Eo(ao/a) , values as increases. assuming that the drop's original shape is 
spherical, and that no hydrodynamic flow is 
present around the drop. For electrically unchar ed drops the co- 

relation b/a vs. X -6% suggests that 
the electric field strength Eo toyachieve s 
certain drop deformation b/a decreases with 

increasing drop size ao, This behavior was - ~rified by Wilson and ~a~lor", ~ o l a n ' ~ , ~ ' ,  
Ausman and  rook'^, Dawson and ~ichards': and by Griffiths and  ath ham". In none o.? these 
studies, however, was a quantitative investigation made on the variation of b/a with Eo 
for various ao. Instead, emphasis was placed on determining the critical electric field 
strength beyond which t e drop would break up or show evidence of corona discharge. It was 
fourid that X = Eo(aa/u) had a value of 1.61 (Wilson and ~aylor'), 1.51 (~acky'~), 1.56 
(Ausman and  rook'?, and 1.81 (Griffiths and  ath ham"), for break-up or corona discharge. 
All experiments suffered from two serious deficiencies since, under the expe~imental con- 
ditions reported, (1) the drops did not reach terminal velocity and thus did not assume 
the hydrodynamically determined shape, and ( 2 )  tne drops were forced to abruptly enter an 
electric field region created between two electrode plates causing non-equilibrium condi- 
tions between the drop and the environment. 

A review and new wind tunnel rasults on the shape of weter drops falling at terminal 
velocity in air in the absence of an external electric field have been given by Pruppacher 
and Beard' and Pruppacher and pitterz. Their stbdies show that drops smaller than about 
500 pm radius can be considered as spheres. On the other hand, drops larger than 500 um 
are oblate-spheroidally deformed with an increasingly flattened lower side as the drop 
becomes larger. This causes the axis ratio b/a to be iess than unity, with b/a decreasing 
as a. increases. This behavior was found to be the result of an inL-raction between hydru- 
dynamic forces, surface tension forces and hydrostatic forces. Thu-, tns actual drop shape 
in the absence of an external electric field is quite different from the s herical shape 
assumed by all previous theories on the effect of a vertical, external electr c ield on 
the drop shape. 

+ 
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Present experimental set-up 

PI series of experiments in the  UCLA Claud Tunnel were undertaken t o  improve On previous 
experimental studies and to extend our present knowledge of t h e e f f e c t  of an external 
electric f i e l d  on t h e  shape ef water drops in air. The UCLA facility is a vertical wind 
tunnel  which allows the free suspension of drops of equivalent radius -ro between 20 urn and 
3 mm in a vertical, low-turbulence air  stream for lona periads of time. In the present 
study, drops of equivalent radius betwee? 500 urn and 3000 urn were suspended in the air 
stream between two metal screens acting as electrodes to create a vertical electric field. 
The screens, 6 cm x 6 cm, were separated by a distance o f  about 5 cm. Thc upper screen was 
charged to a positive electric potential: the lower to a negative electric potential. 
Electric f i e l d s  between 500 volts cm-' and 8,000 Volts  cm-' were created, Computations 
based on the theoretical considerations of srnythev indicate that ,  for the qiven electrode 
arrangement in our experim~ntal set-up, the electric f i e l d  is uniform and computable from 
Eo = CV/d, where d is t h e  distance between the  two electrodes and bV is the potential dif- 
ference between the two electrodes, with an error of less than 18 if the drop is k e p t  in- 
side an area around the wind tunnel  axis of 10 m x 10 mm. In most cases the drop was con- 
fined to t h i s  area. The drops s t u d i e d  w e r e  made frm doubly distilled water and t h e i r  size 
and shape documented photographically (Fig. 2 ) .  In each experiment, it was insured t h a t  

Figure 2. Water drops Zrcr;y suspended in t5e vertical air str?am of the wind tunnel; 
; I ~  = 2.3 m. la )  No external glectric f ~eld. Ib) Vertical, external 
electric f i e l d :  E, = 5.75 kV cm-'. 

the drops were electrically uncharted. For zero electric field, comparison was made w i t h  
our previms studies on drop shaper$: P11 experiments were carried o u t  in an atmosphere of 
abauc 1200 rnb a i r  b*ressura ani 15'C air temperature. 

Results and discussion 

T h e  experimental results  arc summarized in Figs. 2 to 4 .  Figure 2 gives the variation of 
the drop shape i/: w i t h  equivalent drop radius .lo far various clectric field ,strengths E,. 
Compariso: of t h e  valtq?s tor ',': for  E, = O with values previously obtained1*- shows satls- 
factory repeatztility of our ea r l i e r  resul ts .  We note further  fror;: t h i s  figure that the 
deformation caused by the electr ic  polatization forces due to the electric field is 5tmn31y 
opposed by t h e  hydrodynamic forces. The latter act to influence t h p  drop tc become ablatc- 
spheroidally deformed, whllc the former attempt to deform the drop into a more spherical 
shape. Also nctice that the larger the drop, t h e  stronger the eEfect of t h e  clectrrc Zield. 
Extrapolation o f  Fur re su l t s  to smaller drops susgests that elcctric fie16 strengths smal- 
ler than 6 kV  cm-* have a neqligib!~ effcct  bn the drop shape i f  zO 5 1 m. W ~ t h  increas- 
ing drop size, and with ~ncreasing fisle strenath of the externa; electric field, the hy- 
drodynainically caused d~formation is counteracted with i t~creas ing  efficiency. Thus, an ex- 
t e rna l  electric field of 3.2 kV an'- hegins to significantly affect the drop shape if 
2, r 0.15 cm. 

In Fig. 4 the variation of the drop snaps ? / T  is plotted as a function sf the electric 
field strength for diff~rent drop sizes. we note that ,  for  drops of 29 2 2 mm, e lectr ic  
f i e l d s  o f  E, 2 1 kV cm-- af Sect tho drop shape . J. This electric shape deformation in- 
creases w i t t .  drop size. Since hydradynarn~c forces also affect ;he drop more strongly t h e  
larger its size, a "cross-over" of t k , ~  individual shape  curve results. Thus, although 
large dropa are most strongly oblate-sphereidally deformed for E, = 0, thp deformation is 
efficiently counteracted with increasing field strength, resulting in a sphcrical and 
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Figure  3. P r e s e n t  exper imenta l  r e s u l t s  F i g u r e  4. P r e s e n t  exper imenta l  r e s u l t s  
f o r  t h e  v a r i a t i o n  o f  t h e  shape f o r  t h e  v a r i a t i o n  of  t h e  shape 
of  a  w a t e r  d rop  f a l l i n g  a t  o f  a  wa te r  drop f a l l i n g  a t  

t e r m i n a l  v e l o c i t y  i n  a i r  w i t h  e q u i v a l e n t  t e r m i n a l  v e l o c i t y  i n  a i r  w i t h  e l e c t r i c  
drop r a d i u s  a. f o r  v a r i o u s  e x t e r n a l  e l e c -  f i e 1 3  s t r e n g t h  f o r  v a r i o u s  d rop  s i z e s .  
t r i c  f i e l d  s t r e n g t h s .  S o l i d  l i n e  a p p l i e s  r o  l e f t  c o o r d i n a t e ;  

dashed l i n e s  t o  r i g h t  coord ina te .  

e v e n t u a l l y  a  p r o l a t e - s p h e r o i d a l  drop shape. W e  f u r t h e r  n o t e  t h a t ,  a t  much lower v a l u e s  of  
Eo than  t h o s e  r e q u i r e d  f o r  s m a l l e r  d rops  which a r e  o r i g i n a l l y  less o b l a t e - s p h e r o i d a l l y  de- 
formed, a  drop of  a. = 0.23 c m  appears  t o  r e q u i r e  a  l i m i t i n g  v a l u e  of  E o , c r i t  = 8 kV cm" 
f o r  break-up; whi le  a d-op o f  a 0  = 0.19 c m  r e q u i r e s  E o I c r i t  - 9 kV cm-'. These la t ter  
f i n d i n g s  a r e  i n  good agreement v3ith t h e  o b s e r v a t i o n s  o f  Ausman and   rook" and o i  Dawson and 
~ i c h a r d s ' '  . 

Figure  5  g i v e s  t h e  v a r i a t i o n  o f  drop deformat ion w i t h  t h e  q u a n t i t y  X = ~ ~ ( a ~ / a ) *  f o r  two 
drop s i z e s .  W e  n o t e  from t h i s  f i g u r e  t h a t  b/a is n o t  a  unique f u n c t i o n  o f  X f o r  a l l  a o r  a s  
had been found on t h e  b a s i s  o f  e l e c t r o s t a t i c  theory  c i t e d  i n  t h e  l i t e r a t u r e  which disregard- 
ed t h e  flow around a  drop.  I n s t e a d ,  b/a v s .  X i s  a  f u n c t i o n  o f  a0 due t o  t h e  s i g n i f i c a n t l y  
s t r o n g e r  o b l a t e - s p h e r o i d a l  deformat ion of  l a r g e r  d rops .  However, we n o t e  t h a t  t h e  depen- 
dence on a, d imin i shes  r a p i d l y  a s  X approaches  t h e  c r i t i c a l  v a l u e  f o r  d rop  break-up. I n  
f a c t ,  our  exper imental  d a t a  sdgges t  t h a t  f o r  a l l  d rops  break-up appears  t o  occur  a s  X ap- 
proaches a  v a l u e  o f  abou t  1 .6 ,  a s  had been p r e d i c t e d  by t h e o r y  which does n o t  t a k e  i n t o  
account t h e  flow around t h e  drop. 

Break-up of  s i n g l e  l a r g e  d rops  i n  t h e  
absence of  an e l e c t r i c  f i e l d  proceeds  v i a  
hydrodynamic f o r c e s  a c t i n g  on t h e  d r o p ' s  
lower s i d e  ( i . e . ,  on t h e  d r o p ' s  upstream m. Our o b s e r v a t i o n s  show t h a t ,  i n  con- 
t r a s t ,  drop break-up i n  t h e  p resence  o f  an 
e x t e r n a l  e l e c t r i c  f i e l d  proceeds  v i a  i n s t a -  
b i l i t i e s  on t h e  d r o p ' s  upper s i d e  ( i .e . ,  
on t b  ' r q p ' s  downstream s i d e )  . 

K - 0 , = O D c m  
---(l'O*Jem 

Our o b s e r v a t i o n s  s J g g e s t  t h a t  f o r  low ex- a 
~ e r n a l ,  v e r t i c a l  e l e c t r i c  f i e l d s  t h e  hydro- 
dynamic f o r c e s  dominate i n i t i a l l y ;  and t h a t  
t h e  e< ?ct of  t h e  e l e c t r i c  f o r c e s  i s  smal l  
and ronf ined  t o  t h e  downstream s i d e  of t h e  
f a r l r  r drop where t h e  flow f i e l d  i s  weak. 
Howev~ , a3 t h e  e l e c t r i c  f i e l d  grows i n  in-  
t e n s i t y  , t h e  pe rcen tage  r .on t r ibu t ion  o f  t h e  
e l e c t r i c  i i . : l d  t o  t h e  d rop  deformat ion in-  
c r e a s e s  r a p i d l y .  Thus, f o r  a  drop of a. = F i g u r e  5.  Presf:nt exper imenta l  r e s u l t s  
0.23 cm '. 1 f o r  an e l e c t r i c  f i e l d  o f  Po = fox t h e  v a r i a t i o n  of  t h e  shape 
4  kV cm"(7.75 kV cm"), b/a = 1.07 (1.451, o f  a  wa te r  drop f a l l i n g  a t  t e r -  
i f  t h e  drop is  s t a g n a n t  and t h e r e  is  assumed minal  v e l o c i t y  i n  a i r  w i t h  X = ~ ~ ( a ~ / a ) # ,  
t o  be no flow p a s t  it ( s e e  F ig .  1). For  t h e  f o r  d i f f e r e n t  drop s i z e s .  
c a s e  of drop deformat ion due only t o  hvdro- 
dynamic fl.,w (Eo = O ) ,  we f i n d  l,/a = C.73, i n  
accordance w i t h  our  p rev ious  r e s u l t s .  For  t h e  c a s e  of bo th  e l e c t r i c  f i e l d  and f low a f f e c t -  
i n g  t h e  drop shape h / -  = 0.81 (1.14) f o r  Eo = 4 kV c r n - ' m 5  kV cm") (see -. 4 ) .  These 



numbers sugges t  t h a t  t h e  percentage d e v i a t i o n  of t h e  shape ( b / a ) f l o w  on ly  from t h e  shape 
+ f i e l d  i n c r e a s e s  from 10% t o  36% a s  t h e  f i e l d  grows from 4 kV cm" t o  7.75 kvCN1, 

t h u s  l n d l c a t l n g  t h e  r a p i d l y  reduced e f f e c t  of t h e  flow on t h e  f i n a l  drop shape a s  t h e  e l e c -  
t r i c  f i e l d  grows. Even tua l ly ,  a s  t h e  f i e l d  approaches breakdown va lue ,  t h e  hydrodynamic 
f o r c e s  completely l o s e  thei-.: e f f e c t  on t h e  d r o p ' s  downstream s i d e .  The c r i t i c a l  v a l u e ,  
then ,  of X = ~ o ( a ~ / o ) k  f o r  drop d i s i n t e g r a t i o n  i s  t h e  same a s  f o r  no flow c o n d i t i o n s ,  i .e.,  
approximately 1.6.  

No q u a n t i t a t i v e  s t u d i e : ~  h;.~ve y e t  been underthKen by us  t o  v e r i f y  r e s u l t s  publ ished i n  t h e  
l i t e r a t u r e  on t h e  e f f e c t  of an e x t e r n a l  e l e c t r i c  f i e l d  on t h e  o s c i l l ~ t i o n  frequency and am- 
p l i t u d e  of l a r g e  drops.  Q u s l i t a t i v e l y ,  we found t h a t  t h e  ampli tude of o s c i l l a t i o n  was re- 
duced wi th  i n c r e a s i n p  streng'zh o f  an e x t e r n a l l y  a p p l i e d  ver t i cc .1  e l e c t r i c  f i e l d .  Our 
s t u d i e s  on drop v a r i a t i o n s  a l s o  i n d i c a t e  t h a t ,  dur ing  a v i b r d t i o n  c y c l e ,  the concave i m -  
p r e s s i o n  on t h e  upstream ( i .e . ,  t h e  bottom) s i d e  of t h e  drop - inullced by hydrodynamic 
f o r c e s  (see Pruppacher and p i t t e r 2 )  - remains a  p r e s e n t  f e a t u r e  on t h e  d r o k ' s  lower s i d e ,  
even when t h e  drop is exposed t o  an e x t e r n a l  e l e c t r i c  f i e l d .  

Also, no q u a n t i t a t i v e  s t u d i e s  have y e t  been undertaken by u s  t o  v e r i f y  t h e  r e s u l t s  pub- 
l i s h e d  i n  t h e  l i t e r a t u r e  on t h e  e f f e c t  of temperature ,  p r e s s u r e ,  and t h e  p resence  of e l e c -  
t r i c  charges  on ti le drop deformation i n  an e x t e r n a l  e l e c t r i c  f i e l d .  Such s t u d i e s  a r e  p lan-  
ned f o r  f u t u r e  experiments.  
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