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ABSTRACT 

2 We repor t   on  the  f ab r i ca t ion   o f  smpl y e a  ( 3 - 6  
Urn 1, h i g h   c r i t i c a l   c u r r e n t   d e n s i t y  (IO -10 A/cm ) 
Ta/Ta oxide/  Pbo g B i O  SIS tunnel   junct ions  and s i x  
j u n c t i o n  series Arrays  designed  for  use as broadband 
SIS q u a s i p a r t i c l e   m i x e r s   a t  85-110 GHz. These 
junct ions  have  small   subgap  leakage  currents  ( 1  t o   5 % ) ,  
and a "sharp"  current   r ise   of   width AV-30-50 pV a t  t h e  
sum gap  voltage.  An  RF f i l t e r  is fab r i ca t ed   on  t h e  
s u b s t r a t e   a l o n g  wi th  t h e  junc t ions .  The impedance  of 
t h i s   f i l t e r  combined with t h e  junct ion  capaci tance is 
designed t o  provide a broadband RF match t o   t h e  mixer 
over   the  ent i re   f requency  range.  A s l i d ing   backshor t  
is the only  mechanical  tuning  element. The s i n g l e  
j u n c t i o n s  as wel l  as a r r a y s   a r e   f a b r i c a t e d  w i t h  a 
window geometry on fused   qua r t z   subs t r a t e s .  The fused 
q u a r t z   s u b s t r a t e s   r e q u i r e  t h e  deposit ion  of a t h i n  
amorphous Ge l a y e r  which is conducting a t  room 
temperature t o  avoid   charg ing   e f fec ts   dur ing   the   ion-  
beam processing steps. Preliminary  measurements a t  85- 
100 GHz show  a r e l a t i v e l y  low g a i n  ( -6 .9  dB) compared 
t o  the  performance  expected  for  junctions  of t h i s  
q u a l i t y .  Model c a l c u l a t i o n s   s u g g e s t   t h a t  t h e  low ga in  
arises from  errors   in   the  implementat ion  of   the RF 
f i l t e r   d e s i g n :  t h i s  can  be  improved i n   f u t u r e  work. 

INTRODUCTION 

In   r ecen t   yea r s ,  SIS mixers  have  demonstrated 
e x c e l l e n t  low noise  performance  in  millimeter-wave 
heterodyne  receivers  [ I -61 .  High q u a l i t y  Ta/Ta 
oxide/PbBi  tunnel   junct ions  have  recent ly   been  used  [21 
t o  observe  and  accurately  measure  strong quantum mixing 
e f f ec t s ,   conve r s ion   ga in  G > 1 ,  and a n o i s e   l e v e l  
w i t h i n  a f ac to r   o f  two of   the  quantum limit a t  36 GHz. 
These experiments  required Ta j u n c t i o n s  w i t h  a c u r r e n t  
r ise  a t  the sum gap  which was ltsharpll  on the  vol tage 
scale &/e ( =  150 pV a t  36 GHz) and a low subgap 
l eakage   cu r ren t   i n   o rde r   t o   ach ieve   l a rge   ga in   and  low 
noise .  I n  a d d i t i o n ,  t h e  a b i l i t y   t o  make accura te   no ise  
measuremehts C31 was c ruc ia l   nea r   t he  quantum noise  
limit. The extension  of these t echn iques   t o   h ighe r  
frequencies  (85-110 GHz) is c l e a r l y   d e s i r a b l e   f o r   r a d i o  
astronomy  and  communication  applications. A t  those  
frequencies ,   h igh  gain is more readi ly   obtained  because 
of t h e  reduced  requirement on t h e  I-V flsharpnesstl .  To 
approach  the quantum n o i s e   l i m i t ,  a low subgap  ieakage 
is still  needed t o  minimize t h e  mixer  shot  noise.  T h i s  
is espec ia l ly   impor tan t  when using  high  gain  mixers  
where the r ece ive r   no i se  is  dominated by the  mixer 
no ise .  The use   o f   se r ies   a r rays   o f   junc t ions   should  
provide improved  dynamic range  due t o   t h e i r   i n c r e a s e d  
s a t u r a t i o n  power limit. A t  even  higher  frequencies 
( f  > 500 GHz), t he   u l t ima te  limits of  SIS  mixers w i t h  
r e s p e c t   t o   g a i n   a n d   n o i s e   a r e   j u s t   b e g i n n i n g   t o  be 
explored C61. 

Recent work on  broad-band RF coupl ing  [4 ,5 ,7]  
demonstrates   that  good mixer  perfot-mance  can be 
achieved   in   conjunct ion  w i t h  a la rge   ins tan taneous  
signal  bandwidth.  This  large  instantaneous  bandwidth 
r e q u i r e s   t h a t   t h e   j u n c t i o n  w i t h  i t s  i n t r i n s i c  
capaci tance  see  approximately  the same impedance i n  t h e  
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lmage  and signal  frequency  bands.   Previous 
experiments,   with a technica l ly   usefu l   IF   o f   1 .5  GHz 
[21 ,  achieved a gain  of G - 1 with narrow-band 
coupl ing.  However, computer  simulations  and 
measurements  with a low (25 MHz) IF   demonst ra te   tha t  
g a i n s  G >> 1 (rather than  G - 1 )  can  be  achieved w i t h  
broad-band RF coupling. 

With these   cons ide ra t ions   i n  mind, we have 
produced  high  quali ty Ta/PbBi tunnel   junc t ions   and   s ix  
j u n c t i o n   s e r i e s   a r r a y s .  The RF f i l t e r  geometry shown 
in  Fig.  1 was designed t o  provide a broad-band RF match 
t o   t h e  mixer a t  85-110 GHz [7,81. 'These junct ions  have 
ne r l y   i d e a l  I-V cha rac t e r i s t i c s   and  a small area (-1 
pm' f o r  t h e   s i n g l e   j u n c t i o n s   a n d  -6 urn2 for   each  
j u n c t i o n   o f   t h e   s i x   j u n c t i o n   a r r a y )  which  provides  an 
wR C product  of - 5 a t   t h e   s i g n a l   f r e q u e n c y  C91. 
Varues  of wRNC i n  t h i s  range are bel ieved [ 1 , 4 1  t o  be 
opt imal   in   suppressing  deleter ious  harmonic  f requency 
e f f e c t s   w h i l e  s t i l l  providing a s u f f i c i e n t l y  broad-band 
( low-Q)   tuned   c i rcu i t   a t   the   s igna l   f requency .  The 
exce l l en t   t unne l ing  characterist ics of t h e   j u n c t i o n s  
desc r ibed   i n  t h i s  paper  and  Ref.  [2] are l a r g e l y   d u e   t o  
the h igh   qua l i ty   na t ive   ox ide  (Ta 0 ) t u n n e l   b a r r i e r s  
[ l o ]  tha t  can  be grown on Ta base2e?ectrodes by O2 dc 
glow discharge  oxidat ion.  

SUBSTRATE JUNCTION 
\ I 

/ 
RF FILTER 
METALLIZATION 

Fig. 1 .  F i l t e r   s t r u c t u r e   d e s i g n   f o r   t h e   j u n c t i o n  
e l ec t rodes   t o   p reven t   l eakage   o f  RF from the  
mixer  and t o  provide a broad-band RF match t o  
the  mixer. 

Materials  and  Fabrication  Considerations 

Previous  s tudies   of  Ta/PbBi SIS mixers were 
conducted a t  36 GHz [2] and used  Si   substrates .   For  
t h e   p r e s e n t   s t u d i e s  a t  -100 GHz, we followed t h e  usual  
procedure [111  of   us ing   fused   quar tz   subs t ra tes  t o  
minimize the  dielectr ic   loading  of   the  waveguide,  
Fused  quartz has the   l owes t   d i e l ec t r i c   cons t an t  (-3.8) 
of   ava i lab le   subs t ra te   mater ia l s   (S i ,   Sapphi re ,  
MgO, ... ) .  

I n i t i a l l y ,  we a t t empted   t o   f ab r i ca t e   j unc t ions  on 
fused   qua r t z   subs t r a t e s   u s ing   t he  same subs t ra te -s tep  
technique as was used  for the  Si s u b s t r a t e s  [ 2 ] .  In  
t h i s  technique,  a s t e p  is  formed i n  the  s u b s t r a t e  by 
reac t ive- ion   e tch ing .  Two angle   depos i t ions  are used 
t o  form t h e  junction  electrodes.   Cleaning  and 
oxida t ion  are done p r io r   t o   depos i t i on   o f  t h e  second 
f i lm.  With q u a r t z   s u b s t r a t e s ,  a major d i f f i c u l t y  was 
encountered :   the   subs t ra tes  became ex t r eme ly   f r ag i l e  
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af te r   reac t ive- ion   e tch ing .   This  may be due t o   s u r f a c e  
damage caused by t h e   e t c h i n g ,   o r   p o s s i b l y   t o   t h e  
removal  of a favorable   sur face   l ayer  on the   fu sed  
q u a r t z   s u b s t r a t e s ,  Very r e c e n t l y ,  we have  been a b l e   t o  
circumvent t h i s  problem by anneal ing  the  e tched 
s u b s t r a t e s   a t  85OoC i n  a N2 atmosphere  for  one  hour. 
However, t h e   i n i t i a l   d i f f i c u l t i e s   w i t h   s u b s t r a t e  
handl ing  led u s  t o   u s e  an a l t e r n a t i v e   t o   t h e   s u b s t r a t e -  
s tep  technique.  

The mixe r s   s tud ied   i n   t h i s  work used a window 
geometry  [12] t o  form t h e   j u n c t i o n .   I n   t h e  window 
method,  the  base  electrode is covered  with  an 
i n s u l a t o r ,  SiO. An opening is made i n   t h e   i n s u l a t o r   t o  
de f ine   t he   j unc t ion   a r ea .  The counterelectrddg is  then 
deposi ted.  The use  of a r e l a t i v e l y   t h i n  (3000A) Si0  
layer   helps   to   minimize  shadowing  effects   during  the 
d i r e c t i o n a l  ion-beam c leaning   of   the   junc t ion  window 
area.   With  the window method,  one may also  achieve 
more e f f i c i e n t   c o o l i n g   o f   t h e   j u n c t i o n   a r e a ,   d u e   t o   t h e  
large  two-dimensional   e lectrode  f i lms.  With t h e  
s u b s t r a t e   s t e p ,  a smal l   l ength   o f   the   f i lm is as narrow 
as   t he   j unc t ion .  The f i lm  then  becomes two-dimensional 
f u r t h e r  from the   j unc t ion .  

Ta was selected  because it is a re f rac tory   meta l  
and is known t o  form a h igh   qua l i ty   na t ive   ox ide  

junct?ons [IO]. The T of  Ta, 4 .4  K ,  is acceptable   for  
(Ta20 ) b a r r i e r   i n  low cur ren t   dens i ty  A/Cm2f  

mixer operat ion pelow 5.0 K. 

Junction  Fabrication  Sequence 

The f i r s t  s tep cons is t s   o f   evapora t ing  a  3000- 
4000 A f i l m  o f  amorphous Ge onto  the  fused  quartz 
s u b s t r a t e .   ( I f   t h e   q u a r t z ’ s u b s t r a t e  is not  coated wi th  
Ge, we find  incomplete  cleaning  or  poor  oxidation of 
t he   j unc t ion   a r ea   w i th   t he   i on  beam. Th i s  is probably 
due t o  a charging  of   the  substrate  by the   i on  beam.) 
During  ion beam cleaning  and  oxidation,  the Ge is 
grounded to   the   sample   ho lder .  T h i s  provides  a dra in  
for   the   charge  from t h e  ion-beam, which in   our   case is 
not   neutral ized.  

Three   consecut ive   l i f t -of f   p rocesses   a re   used   to  
p a t t e r n  t h e  th ree   l eve l s   o f   t he   j unc t ion  : the   base 
e l e c t r o d e ,  the  window a r e a ,  and the   countere lec t rode  
(see  Fig.  2 ) .  A chlorobenzene-soaked  photoresist 
l i f t o f f  mask  C131 is first used t o   p a t t e r n o t h e  Ta base 
e lec t rode .  ,The Ta f i lm   t h i ckness  is 3000 A, deposi ted 
over a 100 A Nb underlayer  which is necessary   to  
nucleate  the  bcc  phase  of Ta [141.  The depos i t ion  Of 
t h e  Ta and Nb f i lms  is done by ion-beam s p u t t e r i n g ,  
using a  Kaufman-type ion  source C15,161. A second, 
chlorobenzene-goaked  l if t-off mask is then  used t o  
p a t t e r n  a 3000A-thick Si0  layer   over   the Ta. T h i s  
d e f i n e s  a window i n  t h e  PO which will be the   j unc t ion  
a rea .  Th i s  r e a  is 1 pm fo r   t he   s ing le   j unc t ion  and 
2.5 x 2.5 um’ f o r   each   j unc t ion   i n   t he   s e r i e s   a r r ay   o f  
s i x  junc t ions .  The t h i r d   l i f t - o f f  mask is a 
pho to res i s t   t r i - l aye r   [171 .  

After t h e  t r i - l a y e r   l i f t - o f f  mask is pa t te rned ,  
t he   j unc t ion   a r ea  is ion-beam c l e a n e d ,   f i r s t   w i t h  a 
mixed beam (50% Xe, 50% 02)  at a beam voltage  of 200 V ,  
and  then  with a pure Xe  beam a t  160 V 1181. T f ~ q  t o t a l  
chamber pressure   dur ing   c leaning  is - 1-2 x 10  Torr: 
This   c leaning   sput te rs  away the Ta oxide  and 
contamination due t o   a i r  exposure. We found it 
necessa ry   t o   i nc lude  oxygen i n   t h e  ion-beam c leaning  
s t e p ;  t h i s  may h e l p   t o   e f f i c i e n t l y  remove photores i s t  
res idue .   Af te r   ion  beam c leaning ,  the exposed Ta is 
oxidized by a p u r e  O2 dc glow discharge   for  5-20 
seconds a t  a pressure  of - 120  mTorr. 
countere lec t roge  i s  then  evaporated from The an PbP a 1 gBio- y 
s o u r c e   a t  -50 A/sec. The f i n a l   s t e p  is t h e   l i f t - o f f  of 

the   countere lec t rode .  The comple ted   junc t ions   a re   then  
t e s t e d   a t   1 . 3  K and s t o r e d   i n   l i q u i d   n i t r o g e n .  

Before  the microwave  measurements  can be c a r r i e d  
ou t ,   i nd iv idua l   j unc t ions  are c u t  from the  wafer  with a 
d i c i n g  saw using a 37 thick  resonoid  blade C191. 
The q u a r t z   s u b s t r a t e   s i z e  is 0.925 mm f 1 %  wide  and 
12.7 mm i 3%  long. The s u b s t r a t e  i s  only  0.15 mm t h i c k  
s o  t h a t   c a r e  is requ i r ed   du r ing   cu t t i ng   t o   avo id  
breakage.   After   cut t ing,   the   normal   s ta te   res is tance 
of t he   j unc t ions   t yp ica l ly   i nc reases  by 5-30%. For 
most  of the junc t ions   the   cu t t ing   p rocedure   does   no t  
s i g n i f i c a n t l y  change t h e  I-V c h a r a c t e r i s t i c s .  

q/&“ Ta205 - SiO, EVAP. 
;’” .a ,, T +  AMORPHOUS Ge, 

3000 

FUSED QUARTZ SUBSTRATE, 
150pm 

Fig. 2 .  Cross-section  showing two j u n c t i o n s   i n   s e r i e s .  
In   the  case  of  a s i x - j u n c t i o n   a r r a y ,   t h i s  
p a t t e r n  is repeated  three  t imes.   In   the  case 
of a s i n g l e   j u n c t i o n ,  one  of   the  junct ions  has  
a much l a r g e r   a r e a ,  so tha t   t he   cu r ren t   f l owing  
through it  is a supercurrent   not   causing any 
d i s s i p a t i o n .  

Junc t ion  Characteristics 

The T a m  oxide/Pbo g B i O . l  . tunnel   junc t ion  I-V 
curves  were  measured a t  i.3K u s m g  a four  t rmina 
conf igura t ion .  The cur ren t   dens i ty  of 2x10 9 3  A/cm was 
chosen t o  meet the  requirements  of 85-110 GHz mixers 
with an wR C product  of 3 t o  10  with RN - 50-100 Si.,, 
The wren!! densi t ies   s tudied  ranged  f rom l o 3  t o  10 
A/cm . Most I - V  curves  displayed a s h a r p   c u r r e n t   r i s e  
a t   t h e  sum-gap voltage  and low leakage   cur ren ts  below 
t h e  sum-gap v o l t a g e   a s  shown i n  Fig.  3a  and  3b  for a 
s ing le   j unc t ion  and a s i x  j unc t ion   a r  ay.  hen t h e  
current  density  approached  about 1x10 A/cm a s  shown 
in   F ig .   3c ,   hea t ing   e f f ec t s  due t o   l a r g e  amounts  of 
q u a s i p a r t i c l e   i n j e c t i o n  were  observed  in  the I-V curve. 
The l a rge r   cu r ren t   dens i ty   j unc t ions   a l so  had increased 
sub-gap  leakage  currents. The appearance  of  increased 
leaka  e cu r ren t   a t   h igh   cu r ren t   dens i t i e s   app roach ing  
J >10 A/cm2 is c o n s i s t e n t  w i th  the   gene ra l   t r ends  
ogserved by Raider  [20]  for many d i f f e r e n t   j u n c t i o n  
technologies .  . 
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The junc t ions  were ox id ized   i n  a de glow discharge 
of  Pure o2 with the oxida t ion  time a d j u s t e d   t o   o b t a i n  
t h e   d e s i r e d   j u n c t i o n   r e s i s t a n c e   a s   i n  Ref. [2] .  The 
dependence  of t h e  normal s t a t e   r e s i s t a n c e  of t h e  
junc t ion  on oxidation  t ime is shown in  Fig. 4 and was 
reproducible  from run   t o   run   w i th in  a f ac to r   o f  two. 
An oxidat ion of 8-10 seconds  produced  junctions  with R N  
- 30 - 120 R a s   r e q u i r e d   f o r   t h e  SIS mixer  experiments. 

Microwave Measurements 

In   o rde r   t o   ob ta in  optimum RF coupl ing   to   the   mixer  
over a broad  tunable  bandwidth, an RF matching 
s t r u c t u r e  on t h e   s u b s t r a t e  was designed  based  on  scaled 
model measurements  C7,81.  In t h i s   d e s i g n ,   t h e  RF 
f i l t e r   r e a c t a n c e  on t h e   s u b s t r a t e  is used  as a f i x e d  RF 
matching  element  while a noncontacting  backshort  
provides  a s ing le   ad jus tab le   tun ing   e lement .   This  
design  should  a l low  junct ions with capacitances  of 30- 
300 f F  and RF r e s i s t ances   o f  10-100 $2 t o  be matched. 
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I - p m *  SINGLE JUNCTION (a) 
R ~ = 6 8 a  

J,=3x10 3 A/cm2 

(A1+A2)= 2.12 meV 

5 m V  

6-JUNCTION  ARRAY 
T=1.5K 

R ~ = 1 6  a 
6(Al+A2)=12.5meV 

u 
5mV 

/ 
Fig. 3. ( a )  I-V c h a r a c t e r i s t i c   o f  a s i n g l e   j u n c t i o n  a t  

1 . 4  K. ( b )  I-V c h a r a c t e r i s t i c   o f  a s ix- junc t ion  
a r r a y   ( c )  Non-ideal I-V c h a r a c t e r i s t i c   o f  a 
s i x - ' u n c t i o n   a r r a y   f o r   c u r r e n t   d e n s i t y  -1x10 ' 
A/cm $ . 

The j u n c t i o n   s u b s t r a t e  w i t h  t h e  RF f i l t e r  s t r u c t u r e  is 
placed   across  the  waveguide i n  a small channel s o  t h a t  
t h e  por t ions   o f  the  s u b s t r a t e   o u t s i d e   o f  the  waveguide 
form a suspended   s t r ip l ine   c i rcu i t   and   provide   an  
o u t p u t   f o r   t h e   I F   s i g n a l .  A choice  of  two t ransformers  
between the  mixer   block  and  the  IF  amplif ier  was 
a v a i l a b l e   t o   a l l o w   e f f i c i e n t   c o u p l i n g   t o  mixer output  
impedances  of e i ther  50 o r  700 a.  The rest  of  the 

A 

2 ' OO 10 20 30 : 401O 

OXIDATION  TIME (SEC) 

Fig. 4. Normal s t a t e   r e s i s t a n c e  R N  and cu r ren t   dens i ty  
( a t   1 3  mV) as a function  of glow discharge 
oxida t ion  times f o r  t h e  s ix- junc t ion   a r rays .  

receiver  used  for  these  measurements is  a 100 GHz 
vers ion  of  t h e  successful   36 GHz t e s t   a p p a r a t u s   t h a t  
has  been  described  previously C31. It makes use of 
cryogenic  hot-cold  loads a t  bo th   t he   IF  and RF t o  make 
accurate  measurements of mixer  gain  and  noise. A 
coaxia l   swi tch  is used t o  compare the   ou tput   o f   the  IF 
matching   c i rcu i t  w i t h  the  output   of  a 50 Q IF  hot-cold 
load.  The IF  mismatch is evaluated  using a 
b id i r ec t iona l   coup le r .  A cryogenic  isolator  between 
the   IF   t r ans fo rmer  and the  cooled  1.5 GHz GaAs I F  
ampl i f ie r  is  used t o  make t h e   a m p l i f i e r   i n s e n s i t i v e   t o  
impedance va r i a t ions   i n   t he   mixe r   ou tpu t .  

Before accura te   ga in  and noise  measurements  were 
made, each  mixer was optimized  for t h e  maximum coupled 
gain a t  the  upper  sideband  using a coherent   s ignal  
i n j e c t e d   i n  t h e  LO-waveguide and  cross-guide  coupler. 
The double  sideband (DSB) rece iver   no ise   t empera ture ,  
mixer  gain  and  noise  temperature  were  then  measured 
using  the  hot-cold  loads C31.  The main r e s u l t s   a r e  
summarized i n  Table I .  The DSB noise   temperatures   in  
Table I should  be  multiplied by a f a c t o r  of - 2 t o  
compare wi th  s ing le   s ideband (SSB) measurements  such as 
t h o s e   i n  Ref. 121.  Gain was a lways   l a rges t   fo r   t he  
lowest   f requencies  (- 85 GHz). 

TABLE I - Summary o f   mixe r   r e su l t s   fo r   s ing le   j unc t ions  
and s e r i e s   a r r a y s  of s i x  junc t ions .  RN,is t h e  normal 
s t a t e   r e s i s t a n c e ,  RD.is t h e  dynamic r e s i s t a n c e   a t  t h e  
de   b ias   vo l tage ,  GA 1s t h e  a v a i l a b l e   g a i n ,  TM is  t h e  
mixer  noise  temperature and N is t h e  number of 
j u n c t i o n s  (N=6 f o r  t h e  a r r a y ) .  

Junct ion Dynamic  GA(DSB)  TM(DSB) Sideband 
RN(Q) R D ( Q )  ( d B )  (K) Hatio (dB)  N 

50 170 -13.8 117  2.5 1 

350 1000 -1 6.7 196 ... 1 

77 150 -13.6 69 -0.23 1 

31 50 -7.6 72 -1.82 6 

19 170 -6.9 21 -28 2.85  6 
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The mixing  performance  l isted  in  Table I is not 
outstanding  even  though  the de I-V c h a r a c t e r i s t i c s   a r e  
e x c e l l e n t .  Recent  measurements i n   t h e  same apparatus  
with  Pb-alloy  junctions from NBS, Boulder showed 
e x c e l l e n t  RF coupl ing,  w i t h  l a rge   ga in  and low noise  
[71.   This   demonstrates   that   the  measurement apparatus  
is not  the  cause of t h e  poor  performance we observe. 
The most  probable  cause is a s ign i f icant   d i screpancy  
between the  actual   d imensions of t h e  RF choke s t r u c t u r e  
and the  intended  design shown in  Fig.  1 .  Two l e s s  
l i ke ly   exp lana t ions   a r e :  1 .  l o s s e s  or impedance 
mismatches  caused by the  evaporated Ge f i lm  d iscussed  
e a r l i e r   o r  2. an  excess  capacitance which exceeds  the 
Usual  value of 150  fF/pm2 ca l cu la t ed   fo r   t hese  
junc t ions  C91. Computer c a l c u l a t i o n s  used t o   f i t   t h e  
pumped I - V  curves   ind ica te   the   p resence  of  an  excess 
para l le l   inductance .  Th i s  excess  inductance is  
c o n s i s t e n t  w i t h  a s e p a r a t e   s e t  of ca lcu la t ions   us ing  an 
e q u i v a l e n t   c i r c u i t  model of the RF choke s t r u c t u r e  and 
the  actual  (non-ideal)   choke  dimensions.  We a n t i c i p a t e  
that  excellent  mixer  performance  can be achieved  with 
these   j unc t ions   and   p l an   fu r the r  work. 
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