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A. BACKGROUND 

EXECUTI VE SUMMARY 

The two decad e s  s i nc e  t he i nvent ion o f  t he Jo seph son j unc ­
t i o n  have seen extensi ve deve lopment o f  supe rconduc t i ve 
e lec t r o n i c s  t h r o ug hout t he wo r ld . The p r e sent annual 
wo r ldwide expend i tu r e  i s  $ 3 0  m i l l i o n  to $ 4 0  m i l l i o n .  The 
O f f ice of Naval Re searc h ( ONR) has been o ne o f  f ive u. s. 
gove r nme nt ag enc i e s  sponso r i ng s ig nif icant f u ndamental 
re search and deve lopment in t he f i e ld .  The ONR i nve stment 
has y i e lded cons ide rable prog r e s s  i n  u l t r asens i t ive mag ­
ne t ic se nso r s ,  m i l l ime t e r -wave detec to r s ,  and ex tr eme ly 
h i g h - speed , ana log -to-d ig i t a l  ( A/D ) conve rte r s .  

The dec i s i o n  by IBM i n  Septembe r 1 9 8 3  t o  t e rm i nate 
i t s  deve lopme nt pro j ec t  to ma ke a supe rconductive h i g h­
speed ma i nf r ame c ompute r and c hang e  to a r e searc h  mode has 
r a i sed que s t i o n s  abou t the v i abi l i ty and ult imate u t i l ity 
o f  s upe rc onduc t i ve e lec tr o n ic s  techno logy . The pu rpo ses 
of t h i s  Ta s k  Group o n  Supe rcond uctive Elec tronic s are to 
( 1 ) r e v iew t he accompl i shme nts o f  t he IBM p r o j ec t  and the 
reasons f o r  i t s  te rmi nat i o n , ( 2 ) eva luate t he f u t u r e  v i a ­
b i l i ty o f  s upe rconduc t i ve e lec t r o n ic s  and c ompa re i ts 
prospec t ive u t i l i ty i n  Na vy sy s tem s w i t h  c ompe t ing sem i ­
conduc tor tec hno log i e s , and (3)  ma ke r ecomme ndations c on­
c e rn ing pre se n t  and f u t u r e  Navy ba s i c  and appl ied prog rams 
in supe rconduc t i ve mate r i al s , de v ic e s ,  and systems . 

The compo s i t i on o f  the Ta s k  Group is as f o llows: (1) 
s ix pe r sons ac t i ve ly e ngaged i n  s uperc onduc t i ve e le c t r on­
ic s ,  ma i nly at u n i ve r s i t i e s , ( 2 ) two pe r sons wo r k i ng i n  
g e ne r al e lec t r o n ic sy stems , and ( 3) three pe rsons e ng aged 
i n  semicond uc t o r  devic e s  and sy stems . About 1 5  o r a l  pr e ­
sentat ions we re made o n  Navy sy stems need s and t h e  s tatus  
and pro j ec t i o n s  of  supe rconduc to r and semicond uc to r tech­
nology for mee t i ng these need s .  Le ngthy d i sc u s s ions we re 
he ld o n  ex tant and needed supe rco nduc t i ve devic e fabr ica­
t i on f ac i l i t i e s .  I n  add i t i o n ,  w r i t ten r ecommendat ions we re 
rec e i ved f rom te n key pe r so n s  i nvo lved in  supe rconduc t i ve 
elec t r o n ic s. 

B .  SUMMARY AND RECOMMENDAT IONS 

The Ta s k  Group conc l uded tha t it i s  def i n i te ly i n  the be s t  
i nte r e s t s  o f  t he Navy a nd t he na t i on t o  m a i nta i n  a 
v igo r o u s  e f f o r t  i n  r e sea r c h  and deve lopme n t  i n  supe rconduc ­
t i ve e lec tr o n ic s .  The re a re n ume r ous Navy appl icat ions i n  
wh i c h  supe rc ond ucti ve de v ice s and c i rc u i t s  w i l l  g i ve s ig ­
n i f icant pe r f o rmance ad vantage . 
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The key c h a r ac te r i st ic s  that ma ke s upe rc o nd uc t o r s  o f  
impo r tance to Navy sy s tems a r e  ( 1 ) sens i t i v i ty o f  de tec ­
t ion o f  mag ne t ic and e lec t r omag ne t ic f i e ld s  ( e ve n  a t  m i l ­
l ime te r wave leng th s )  l im i ted only by quantum-mec hanical  
e f f ec t s , i . e . , u l t imate sens i t i v i ty ,  ( 2 ) nea r ly l o s s less 
t r ansm i s s ion l i ne s  tha t c a n  be i nco rpo r a ted i nto i nt e ­
g r ated c i rc u i t s to ach i e ve pe r f o rmanc e no t pos s ible w i th 
othe r  e lec tronic c i rcu i t s , (3)  lowe s t  no i se leve l s  o f  any 
c i rc u i t , i nc l ud i ng both analog and d ig i tal type s ,  ( 4 ) log ­
ic c i rc u i t s  tha t  swi tc h  i n  le s s  t ime by a f ac t o r  o f  2 than 
the be s t  sem iconduc tor devices wh i le ope r a t i ng a t  2 -3 
o rde r s  o f  mag n i t ude lowe r powe r leve l ,  ( 5 ) pe r s i s tent c u r ­
re nt i n  supe rc ond uc t i ng loops f o r  memo ry appl ica t i ons . 

The advantag eous Navy sy s tems applicat ions i nc l ude 
s ubma r i ne detec t ion a nd locat ion,  extreme ly - l ow- f r eque ncy 
( ELF ) u nde rwate r commun icat io n ,  m i l l ime t e r -wave and i n­
f r a red imag i ng sy s tems , m i l l ime te r -wave b roadband c ommu­
n icat i o n  and rad a r  sys tems , and s ig na l  proc e s so r s .  The 
advantag e s  acc r ue th rough i nc r e ased sens i t i v i ty of pass i ve 
de tec to r s ,  g reate r resolu t i o n  i n  imag i ng sy stems , rece i ve r  
f r ont e nd s  w i th lowe r m i n imum de tec table s ig na l  leve l s ,  
and s ig na l -proc e s s i ng c i rc u i t s  w i th g r eate r bandw id ths . 

I n  mos t  of  the se appl icat ions , t he demons t r a t ions o f  
h i g h  pe r f o rmanc e o f  the va r io u s  compo nen t s  (mag ne tome te r 
senso r s , m i l l ime t e r -wave m i xe r s ,  loc a l  o sc i llato r s ,  ampl i ­
f ie r s ,  A/D conve r te r s )  have bee n  done a t  low leve l s  o f  
i nteg r at i on. An exc ept ion was the IBM p r o j ec t ,  whe re c i r ­
c u i t s  w i th 1 - kb i t  memo ry and 1000 log i c  gate s we r e  demo n­
s t r ated . Al so , system i nte rc onnec t ions we re s hown to be 
sat i s f ac to ry . ( Th i s  a spec t of the compe t i ng GaAs -based 
systems r ema i n s  a problem a r e a . ) A n umbe r of  i ns t i t u t ions 
have deve loped or are deve lop i ng the c apabi l i ty o f  ma k i ng 
s u f f ic iently l a rg e  s upe rc o nduc t i ve i nteg r a ted c i rc u i ts to 
pe rm i t  c omb i na t ions o f  sma l le r c i rc u i t s  in all the enu­
me r a ted appl icat ions in  o rde r to a c h i e ve g r eatly e nhanced 
pe r f o rmance . An example would be c ryogenic e lec tronic 
cont r o l  c i rc u i t s  f o r  mag ne tome te r s .  Anothe r wo uld be t he 
i nteg r a t i o n  o f  a complete s upe rc onduc t i ng rece i ve r - -m ixe r ,  
local o sc i l lato r , IF  ampl i f i e r , and po s s ibly an A/D con­
ve r te r - - to ach i eve u l t ima te sens i t i v i t i e s . 

The Ta s k  Gr oup be l i e ve s  that some impo r tant applica­
t i ons will requ i r e  leve l s  o f  i nteg r a t i o n  no t po ss ible w i th 
the ex i s t i ng and planned f abr icat ion f ac i l i t i e s .  Th i s  pe r ­
cept i o n  i s  based o n  test imony g i ve n  to the Ta s k  Gro up by 
those r e spons ible f o r  t he IBM f abr ic at ion f ac i l i ty. One 
suc h s ig na l-p roc e s s i ng app l i c a t i o n  i s  the c ryogenic mi ll i ­
me te r - wave o r  i nf r a r ed f oc al-plane a r r ay . I t  i s  d e s i red 
to conve r t  two -d imens iona l  data f r om a la rg e a r r ay of d e ­
tec t o r s  to d ig i tal f o rm a nd pr oce s s  t hem be fore c onduc t i ng 
them to room- tempe ratu r e  devic e s. Th i s  wi l l  requ i r e  one 
A/D conve r t e r  for e ach p ic t u r e  e leme nt as we l l  as a s ub-
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stant ial amount o f  d ig i t a l  log ic and memo ry . Ano the r 
appl icat ion requ i r i ng a h igh le vel o f  i ntegr a t i on i s  d ig i ­
tal s igna l proc e s s i ng .  Ne w and impo rtant s igna l -proc e s s ­
i ng tec hn i qu e s  a r e  becom i ng avai lable throug h the u se o f  
d ig i t a l  c i rc u i t s , and Navy sy s tems w i ll want to take ad­
vantage o f  t h i s  i nc r e a sed f lex i b i l i ty .  The se a r e  c i rc u i t  
inten s i ve . New capab i l i ty f o r  the fabr icat i o n  o f  the 
requ i red c i rc u i t s  s hould be made a va i lable in Jo sephson 
techno logy . 

In  c ons ide r a t ion o f  the IBM dec i s ion the Ta sk Gr oup 
came to the f o l low i ng conc lu s ions . As ment ioned above , 
the IBM proj ec t demonst r a ted the f e as i bi l i ty o f  f abr icat­
i ng log i c  c h ips conta i n i ng o n  the o rde r o f  1000 g ate s and 
a 1- k b i t  r a ndom-access  c ache memo ry c h ip .  The I BM goal o f  
a h igh-pe r f o rmanc e ma i n f r ame c ompute r requ i red a 4 - k b i t  
random-acc e s s  c ac he memo ry c h ip .  IBM dec ided t h a t  the 
add i t ional 1- 2 yea r s  requ i red to develop th i s  memo ry c h ip 
wou ld put t hem f a r  e nough beyond t he o r iginal t ime sched­
ule tha t  the proj ected advantage of abo u t  2 . 5 ove r sem i ­
conduc tor c ompe t i t ion ( i n t he s ame t ime f r ame) would not 
j u s t i f y  the i r  f u r the r i nve s tment . The Tas k  Group j udge s 
that t h i s  dec i s ion does no t i nd icate a lack o f  s u i t ab i l i ty 
o f  the tec hno logy f o r  Navy spec i a l -p u rpo se sy stems . 

The Ta s k  Group r ecomme nd s  that , i n  add i t ion to t he 
cont i nuat i o n  and e nco u r agemen t  o f  the seve r a l  sma l l  o n­
go i ng f abr icat ion e f f o r t s ,  o ne l a rge r t ightly d i sc ipl i ned 
f ac i l i ty be f unded. I t  would be a so u rc e  of la rge c i rc u i ts 
f o r  both i t s own labo ratory and o t he r u. s. o rgan i zat ions . 
The c o s t to establ i s h  the fabr icat i o n  l i ne i s  e s t imated to 
be about $ 2  m i ll i o n ,  w i th space and l i thogr aphy appa ratus 
prov ided by the ho st o rgan i za t io n .  The IBM expe r ienc e  i n­
d icates t hat a s t a f f  o f  10- 1 2  pe r sons would be requ i red to 
ma i nta i n  and ope rate the f ac ility , at  a cos t of $1 m i l l io n  
t o  $ 1 . 5 m i l l i on pe r year . 

I t  i s  t he op i n ion o f  the Ta s k  G r o up that , w i thout t h i s  
d i sc ip l i ned f ac ility , t h e  c i rc u i t  techno logy momentum ge n ­
e r ated by t he IBM p r o j ec t will b e  lost i n  t he U n i ted S tates 
to the d e t r ime nt o f  Navy and nat i onal i nte r es t s . The Ta s k  
Group a l so bel i eve s t hat any de lay i n  f und i ng w i l l  lead to 
a lo s s  of r e sea rche r s  f rom the f i e ld ,  a r ed uc t io n  of conf i ­
denc e  o f  othe r  o rgan i zations s uppo r t i ng r e searc h  a nd deve l­
opmen t  i n  supe rconduc t i ve elec t r o n ic s , a dimi nut io n o f  the 
value o f  the $15 m i l l i o n  a l ready spe nt by ONR f o r  t h i s  
wo r k ,  and a n  exac e rba t i o n  o f  t h e  lead already he ld by the 
Japanese in l a rge s upe rc o nd uc t ive c i rc u i t s. 
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I .  INTRODUCT ION 

The a im of t h i s  Task Group ,  as d e sc r i bed i n  t he Te rms of 
Ref e renc e , g i ve n  i n  Appe nd ix A,  i s  to evaluate the state 
of s upe rcond uc t i ve e lec t r o n ic s  and i ts potent i a l  i n  c ompar ­
i son w i t h  compe t i ng technolog i e s i n  o rde r to gu ide f u t u r e  
Navy f u nd i ng .  The s t udy w a s  pr ec ipi tated by IBM ' s dec i s i on 
to t e rm inate i t s  e f f o r t  t o  deve lop an u l t r a - f a s t  ma inf rame 
compute r ba sed o n  t he Jo sephson j unc t ion.  We will comment 
he r e  on the reasons f o r  the IBM dec i s ion , as we l l  as tran­
s i t ions of proj ec t s  in two othe r i ndustr i a l  labo r a to r i e s .  
Th i s  i s  f o llowed by a s u r vey o f  t h e  pr esent ac t i v i ty i n  
supe rcond uc t i ve e lec tr o n i c s  i n  t he Uni ted S tate s ,  Japan , 
and Europe . 

A .  IBM 

IBM dec ided i n  Septembe r 1983  to t e rm i nate i t s e f fo r t  to 
develop a supe rcond uc t i ng ma inf r ame compu te r . The bases 
of  the dec i s i on we re ( 1 ) some s ign i f icant t echno logical 
hu rdle s and ( 2 ) a n  assessmen t  of the f ut u r e  compe t i t i ve 
poten t i a l  o f  semiconduc to r technology i n  t he l ate 1 980s . 
( I t should be not ed tha t  smal l - sc ale appl icat ion s of  
Jo seph son technology- -magnetome te r s  a nd A/D c onve rt e r s ,  
fo r example - -we r e  neve r among the goals o f  the IBM 
proj ec t . )  

IBM had demonstr ated s ucc e s s f u l  ope r a t ion o f  a l l  t he 
requ i red log i c  c i rc u i t s , powe r supply and regula t i o n  c i r ­
c u i t s , a pac kag i ng conc ept , a nd t he e s sent i al pe r f o rmance 
o f  a 1 - k b i t  c ac he memo ry . IBM e stabl i shed the nece ssa ry 
proc e s s  s teps to p r od uce log ic c h ips at an  acceptable 
y i e ld .  The spec i f ic hu rdle tha t they confronted o n  the 
way to prod uc i ng a demonstr a t ion f u l l- scale sy stem was the 
deve lopment of a 4 - K  cache memo ry c h i p  w i t h  appropr i ate 
y i e ld and pe r f o rmanc e . IBM j udged that t h i s  would c ause a 
1- 2 yea r de lay i n  the o r iginal sc hedule . They proj ected 
the development of semiconduc to r technolog i e s  as we l l  a s  
improvement s i n  Jo sephso n techno logy and e s t imated that 
the o r ig i nal f ac to r  o f  5 -6 p e r f o rmance advantage o f  a 
Josephson-ba sed sys tem would shr i n k  t o  abo u t  2 . 5 a t  the 
delayed t ime . Th i s  marg i n  was i nsuf f ic ient f o r  IBM to 
cont i nu e  the la rge i nve s tment , so they cho s e  no t to 
develop t he 4-K c ache memo ry c h ip a nd t e rm i na ted t he 
ma i n f r ame compute r developme n t  pro j ec t .  

B .  SPERRY RESEARCH CENTER AND BELL LABORATORI ES 

In 1 9 8 3  two o the r s ign i f icant eve n t s  occ u r red i n  i nd u s ­
t r i a l  wo r k  o n  s upe rconduc t i ve elec tro n ic s .  Spe r ry manage-
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me n t  dec ided to c lose i t s  e n t i r e  co rpo rate r e sea rc h  center 
in S udbu ry , Massachuse tt s , a nd d ec ent r a l i ze all proj ec t s  
t o  ope r at i ng d i v i s ions . The supe rconduc to r group wa s as ked 
to move to M i nne sota , bu t i nd i v iduals i nvolved d ec l i ned f o r  
pe rsona l reason s .  The ex i s t i ng Jo sephso n e f fo r t  a t  the 
Spe r ry Co rpo r ate Tec hnology Ce nte r ( i n M i nne sota ) i nhe r i t­
ed the m i s s ion , equ ipme nt , and technology deve loped a t  the 
S udbury Re searc h  Ce nte r . 

The wo r k  a t  B e l l  La bo r a to r i e s  had been done by a few 
sma l l  group s . Apparently the change i n  AT&T co rporate 
s t r uc t u r e  led to a t e rm i na t i o n  o f  p r o j ec t s  a imed a t  s upe r ­
c o nduc t i ve i n tegr a ted c i rc u i t s , wh i c h  we r e  no t pe rce i ved 
to lead to AT&T f u ture  produc t s. A sma ll r e searc h  proj ec t 
o n  tunne l j unc t i o n  technology r ema i n s . 

C .  STATUS O F  SUPERCONDUCT IVE ELECTRON ICS 

1 .  Uni ted S tates 

The t e n  i ndu s t r i a l  labo r a to r i e s  e ngaged in r e search and 
development on s upe rconduc t i ve e lec tronic s a r e  AT&T Be l l  
La bo r a to r i es ,  CDC , Hughe s ,  HYPRES , IBM , Quantum De s ign,  
S . H . E . Co rpo r a t ion , Spe r ry ,  TRW , and We st i nghouse . The 
total numbe r o f  f u l l - t ime e qu i valent ( FTE ) p r o f e s s iona l s  
i s  abo u t  60 . The IBM e f f o r t  i s  now d i rec ted towa rd d e ­
v i s i ng a n e w  c ryoge n ic m i l l i volt t r ansi sto r , the B e l l  wo r k  
i s  c once r ned wi t h  j unc t i o n  techno logy , the pr esent ta s k  at 
HYPRES is a h i gh - speed sample r ,  and t he r ema i n i ng groups 
are wo r k i ng o n  o r  towa r d  s igna l -proc e s s i ng appl icat ions . 

S ix gove r nme nt labo r a to r i e s  a r e  i nvo lved i n  s upe rc on­
d uc t i ve stud ie s .  The se a r e  the Na t i ona l Bu reau of S tand ­
ards ( NBS ) a t  Boulde r and Ga i t he r sbu rg , Naval Re search 
Labo r atory ( NRL) 1 Nava l S u r f ac e  Weapons Ce nte r ( NSWC) , 
Wh i te Oa k1 Naval Co astal S y stems Ce nter  ( NCSC) , Pa nama 
Ci ty1 a nd Labo r a to ry f o r  Phy s ical Sc ienc e s ,  Co llege Pa r k ,  
Ma ry land , w i t h  a total of  about 20 FTE p r o f e s s i ona l s . 

I n  add i t io n ,  the r e  a r e  seve r a l  u n i ve r s i ty g roups 
wo r k i ng o n  or towa rd s upe rc onduc ti ve small- scale i ntegr a­
t i o n  ( SS I )  o r  med i um-sc ale i n tegr a t i o n  (MS I )  c i rc u i ts: 
U n i ve r s i ty o f  Ca l i fo r n i a , Ber ke ley , t he U n i ve r s i t ie s  o f  
W i scons i n  and Utah , and MIT/Li nco l n  Labo r a to r i e s .  Mat e ­
r i a l s  and d e v i c e  s t ud i e s  a nd wo r k  o n  ana log app l i c a t i ons 
i nvo l v i ng sma l l  c i rc u i t s  are in progr e s s  at the follow i ng 
u n i ve r s i t ie s : S t anf o rd , Ca l i f o r n i a  a t  B e r keley , Ar i zona , 
M i nne sota , Lou i s iana , Vande r b i lt , NYU , Co lumb i a  (Godd a rd ) , 
Yale , SUNY at S tony B r o o k  a nd B u f f a lo , Ca se Weste r n ,  Co r ­
ne l l , Vi rgi n i a , Ma ry land , a nd Roc he ste r ,  w i t h  a n  FTE o f  
about 60 i nc l ud i ng g r ad uate s t udents. 
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ACJency o f  Indus tri al 
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as 12 University CJroups 

(inc l u  dinCJ • 4 on digital) 

Note : Numbers in parentheses 

are number of FT E 

FIGURE 1 Fund i ng o f  the Japane se e f f o r t  i n  supe rcond uc ­
t i ve e l ec t r on i c s. 

The total e f fo r t  i n  the Un i ted S tate s i s  a bout 140 
FTE profe s s iona l s  and graduate s t udent s .  

2 .  Japan 

The suppo r t  s t r uc t u r e  f o r  s upe rcond uc t i ve e lec t r o n i c s  i n  
Japa n i s  s hown i n  F igu r e  1 .  The MITI - s uppo r ted wo rk i s  a 
pa r t  o f  the so-cal led •supe rc omputer• proj ec t .  The Elec­
trotechn i c a l  Labo r ato ry ( ETL)  ha s the mon i to r i ng f u nc t ion 
a s  we ll a s  c o nd uc t i ng r e se a rc h  of i t s own. The i ndus t r i a l  
group s  a r e  s uppo rted s ign i f i c antly by company f u nd s  a s  we l l  
as by M I T I . The M I T I  suppo rt f o r  t he e ight -year p r o j ec t 
pe r i od , 1 982 - 1 9 9 0 ,  i s  repo rted to be $ 1 00 m i l l i o n  to $ 1 5 0  
m i l l i on . H i gh E lec tron Mob i l i ty Tr ans i stor ( HEMT ) a nd 
Jo sephson technolog i e s  a r e  t o  be compa red unt i l  1986 , and 
a mac h i ne i s  to be demonst r a ted by 1990 w i th t he c hosen 
technolog y . The NTT proj ec t i s  a imed towa rd d ig i t a l  s igna l 
proce s s i ng . The total i nd ust r i a l  e f fo r t  ( i nc lud i ng ETL) 
in Japa n i n volve s nea r ly 100 FTE prof e s s iona l s . They have 
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dev i sed seve r a l  log i c  f am i l i e s , se t ne w r ec o rd s  fo r log ic 
c i rc u i t  speed , d e ve loped both Pb-a l loy a nd Nb- based f a br i ­
c a t i o n  techno log i e s , and demo n s t r ated LS I log i c  and memo ry 
c i rc u i t s .  The i r  proj ec t s  d wa r f  i n  accompli shments t hose 
of the indu s t r i a l  groups ( o u t s ide of IBM ) in the Un i ted 
S tate s .  The r e  has been some s h i f t  of a t tent ion and c on­
s ider able c o nce r n  in Japa n abou t the IBM dec i s i o n ,  bu t 
the re i s  no p lan to r ed uc e  t he pr oj ec t s .  

The r e  a r e  e f f o r t s  i n  a t  lea s t  two othe r gove r nme nt 
labo r ato r i es d i r ec ted towa rd m ill ime t e r -wave r ece i ve r s . 

Abo u t  1 2  u n i ve r s i ty group s a r e  suppo rted by the M i n­
i s try o f  Ed ucat ion.  Of  t hese , about f o u r  a r e  wo rki ng o n  
va r i o u s  type s o f  d i g i t a l  c i rc u i t s , w i t h  t h e  re s t  o n  device 
phy s ic s ,  mate r i a l s , s upe rc ond uc t i ve quantum i nte r f e r e nce 
de vice s ( SQUI D s )  , and m i l l ime te r -wave detec t i o n .  Mo s t  of  
the s t udent pa rt ic ipat ion is  t h r o ugh u nde rg r ad ua te.t he s i s  
proj ec t s . I t  i s  rea sonable t o  t a k e  the FTE f o r  u n i ve r s i ­
t ie s  a t  about 60 i nc l ud i ng p r of e s so r s ,  r e se a rc h  a ssoc iate s ,  
and s t ude n t s . 

The total e f f o r t  i n  Japan o n  s uperc ond uc t i ve e lec­
t r o n ic s i s  abo u t  170 FTE prof e s s ional s ,  abo u t  20 pe rce nt 
large r than t he u.s. e f fo r t . 

3 .  we ste r n  Eu rope 

The wo r k  i n  West e r n  Eu rope i s  c a r r i ed o u t  by 3 sma l l  i nd u s ­
t r i a l  groups , 7 nat iona l  labo r ator i e s , and abo u t  2 0  u n i ve r ­
s i ty gr oups . I t  is e st imated t hat t he r e  a r e  a bout 1 00 FTE 
prof e s s iona l s .  The i r  wo r k  i nc l ude s devic e phys ic s ,  c i rc u i t  
mode l i ng ,  S QU IDs , magne tome te r s ,  voltage s t anda rd s ,  m i l l i ­
me te r - wave detec t i o n  and mix i ng ,  and d ig i ta l  c i rc u i t s . The 
empha s i s  i s  s t r ongly d i rec ted t owa rd a nalog appl icat ions . 

4 .  Ea ste r n  Bloc 

It is known t hat t he re are groups in Moscow,  Ka r k ho v ,  
K i e v ,  Je na , Wa r saw , and Soph i a , bu t t h e  relat i o n  o f  wor k  
repo r t ed i n  publ icat ions to wo r k  i n  p r og r e ss i s  u nce rtai n 
so tha t  no acc u r ate e s t ima t e s  o f  ac t i vi ty c a n  be made . 

5 .  S umma ry 

I t  is e s t imated that the total wo r ldw ide e f f o r t  i n  s upe r ­
conduc t i ve e lec tronic s i s  abo u t  4 5 0  f u l l - t ime equ i va lent 
re searc he rs w i th an  annual expe nd i t u r e  of $ 30 m i l l ion to 
$ 40 m i l l i o n. 
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I I .  STATUS OF SUBSYSTEM APPLICAT IONS OF 
SUPERCONDUCT IVE ELECTRONICS 

I n  t h i s sec t i o n  t he c u r r e n t  state o f  deve lopme n t  o f  a 

numbe r o f  a r e a s  o f  appl icat ion o f  s upe rc onduc t i ve e lec ­
tronic s i s  revi ewed : magne tome t ry f o r  subma r i ne detec t io n  
and loc a l i zat i o n ,  extr eme ly -low- f re que ncy u nde r water com­
municat ions , m i l l imete r -wave rece i ve r  f ront e nd s , analog 
s ignal proc e s s i ng ,  a nd d ig i ta l  logic and memo ry . 

The impo r tant prope r t i e s  o f  supe rconduc t i ve device s 
that c ome to play i n  these appl ic at ions a r e  near ly z e r o  
elec t r i c a l  lo s s  and d i spe r s io n  i n  supe rconduc t i ve trans­
m i s s ion l i ne s ,  low no i s e , e x t r eme ly h igh swi tch i ng speed s 
o f  Jo sephson j unc t ions , unmatched non l i nea r i ty o f  the c u r ­
rent-vol tage ( I -V) c ha r ac te r i s t ic s  o f  the s upe rc onduc tor ­
i ns u lato r - supe rconduc to r  ( S IS )  tunne l j unc t io n , inte r f e r ­
ome te r - l i ke behav i o r  o f  s upe rc o nduc t i ve loops c onta i n i ng 
Jo sephso n j u nc t io n s  ( SQU I D s ) , and pe r s i ste n t  c u r r e nt s  i n  
supe rconduc t i ve loop s .  Some o f  these p r opert i e s  a re s upe­
r io r  quant i tat i ve ly to semiconduc to r devic e s , and othe r s  
have no counte rp a r t  o u t s ide s upe rc o nduc t i v i ty .  A t  t he 
sy stem o r  s u bsystem leve l a l l  tas k s  c a n  be a nd have bee n  
done u s i ng o t h e r  technolog i e s  so t he c ompa r i sons a r e  
quant itat i ve . The supe rconduc t ive techno logy ha s c le a r  
advantage s i n  a numbe r o f  a rea s ,  a s  seen be low1 but , a s  
c omplex i ty i nc r ease s ,  so do the numbe r o f  unc e r ta i nt ie s  
and the r e f o r e  t he d i f f i c u l ty of a s se ss i ng the c ompar i sons 
of compe t i ng technologie s as one proj ec t s  f ut u r e  pe rfo r ­
manc e . 

A .  MAGNETOMETERS AND THE IR APPL ICAT IONS 

SQU I D  magne tome te r s  and gr ad iome te r s  a r e  example s  o f  def i ­
n i te s ucc e s s  i n  t he deve lopment o f  Jo sephso n techno logy . 
Re l i able S QU I D  senso r s  have bee n  comme rc ially ava i lable f o r  
a numbe r of  yea r s .  They o f f e r  magne t ic f i e ld s e ns i t i v i ty ,  
and vo ltage and c u r rent  sens i t i v i ty ( a t  low i npu t imped ­
anc e )  , 1000 t ime s be tte r t han t hat r e a l i zed by e x i s t i ng 
no nsupe rcond uc t i ve senso r s .  Rece n t  deve lopme nt e f f o r t s  o n  
t h e  DC SQU I D , t h e  mo re advanc ed ve r s i on o f  t he SQU ID se n-. 
so r , ha s brough t the sens i t iv i ty leve l i n  c a r e f u l ly de ­
s igned senso r s  ve ry c lose to the quantum no i se l im i t . Th i s  
pe r f o rma nc e i s  mo r e  tha n a fac to r o f  100 be low the e ne rgy 
sens i t i v i ty of comme rc i a l  SQUIDs .  Th i s  i mproveme nt was 
made po s s i ble by the ava i labi l i ty of advanced m i c r o f abr i ­
c a t ion tec hno logy a nd t he r ecent deve lopmen t  o f  a n  i mproved 
Jo sephso n t unne l j unc t i o n  f abr ic a t i o n  proce s s .  

Re a l i z a t i o n  o f  t h i s  p e r f o rmanc e  advantage i n  p r ac t i ­
c a l  sy s tems requ i r e s  attent i o n  t o  t wo problem s .  Muc h o f  
the r ema i n i ng r e searc h  c o nc e r n  i n  SQU ID senso r s  f oc u s e s  o n  
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the low- f r equency 1/f no i se problem , i n  bo th the tunne l 
j unc t ion a nd t he S QU ID senso r . Rec e nt pr ogr e s s  s ugge s t s  
tha t t h e  1 / f  no i se problem c a n  b e  unde r stood and s ign i f i ­
c antly reduc ed . Recent wo rk i n  p r od uc i ng p r ac t ic a l  SQU ID 
sy s tems w i t h  e f f ic ie n t  th i n- f i lm i np u t  c o i l s  ha s been 
impr e s s i ve .  

B .  MI LLIMETER-WAVE DEVICES 

S upe rconduc t ive technology c a n  provide vo ltage -tunable 
sou rc e s ,  low-no i se ,  wide-bandw idth m ixe r s  a nd d e tec to r s ,  
and ampl i f ie r s  f o r  u s e  i n  t h e  m i c r owave and m i l l ime te r -wave 
f r eque ncy r egions . Fo r f r equenc i e s  be low abou t 30 GHz , 
GaAs tec hno logy ( Scho t t ky d i od e s  and GaAs FET ampl i f ie r s )  
a r e  ext r eme ly good , a r e  impr o v i ng w i th t ime ,  a nd have t he 
pote nt i a l  to sat i s fy mo s t  ant ic ipated sy stems need s i n  the 
f o r e see able f ut u r e . Howeve r ,  t he per f o rmance of GaAs de­
v ic e s  degrad e s  with f requency . At h i ghe r f reque nc ie s  s u ­
pe rcond uc t i ve d e v i c e s  c a n  m a k e  a valuable c ontr i but ions to 
nava l c ommun icat i ons and s u r ve i l lanc e  sy stems . 

1 .  M ixe r s  and Detec to r s  

The ex t r eme ly sharp nonl i nea r i ty o f  t he c u r r e nt-ve r sus­
vo l tage c ha r ac te r i st i c  o f  an  S I S tunne l JUnc t i o n  ma ke s 
po s s i ble m ixe r s  and detecto r s  w i th quantum-no i se - l imi ted 
pe r f o rmanc e at 36 GHz and h i ghe r f r equenc i e s . I n  th i s  
r ange t he i r  pe r f o rmance i s  s upe r i o r  t o  a l l  k nown c ompe t i ng 
tec hno log i e s .  ( S ee Figu r e  2 fo r a compar i so n  of rece i ve r  
no i se tempe ratu r e s . ) Howeve r ,  s i nc e  t hese de v ic e s  r equ i re  
ve ry low loc a l  o sc i llato r powe r leve l s , the i r  dynam ic 
r ange s a r e  l im i ted . The u se o f  a se r i e s  a r r ay of S IS d e ­
v ic e s  i s  be i ng e valuated a s  a mea n s  to r a i s e  the dynamic 
range up to a value o f  about 40 t o  50 dB , which would be 
acceptable fo r mo s t  ope rat iona l  systems . 

2 .  Low-No i se Ampl i f i e r s  

A low-no i se m ixe r and/o r d e tec t o r  must b e  f o llowed by a 
low-no i se ampl i f i e r  i n  o rde r to real i z e low-no i se ope r a­
t ion f o r  a r ec e i ve r  f r ont e nd .  The nonl i nea r - i nd uc tance 
be ha v i o r  of  Josephso n j unc t i ons c a n  be  used in  pa r ame tr ic 
ampl i f i e r s  t o  provide s uc h  a f u nc t i on.  Fo r example , a 
SQU I D  pa r amp ope rat i ng at  9 GHz has exhibi ted no i s e  tem­
pe r a t u r e s  be low 10 K w i th 17-dB ga i n  and p r o j ec ted band­
widths o f  1 GHz . Expe r imentally , bandw idths of  2 50 MH z 
have been obse r ved i n  c i rc u i t s  whose p a r ame te r s  have no t 
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FIGURE 2 S i ngle - s ideband r ec e i ve r  no i s e  tempe rat u r e s and 
no i se f igu r e s  c ompar i sons a s s ume u se o f  a n  I F  
amp l ifi e r  w it h  1 5 - K  no i s e  tempe ratu r e s . 

a s  y e t  bee n  opt imi zed . S tate-of- t he - a r t  GaAs ampl i f i e r s  
at  9 GH z have no i s e  tempe r a t u r e s o f  abou t 6 0  K .  Ana ly s i s  
i nd ic a t e s  that t h i s  paramp c an be sca led , w i t hout notice­
able degr adat ion o f  no i se cha r ac te r i s t ic s ,  to 94 GH z ,  
whe r e  i t  could be emp loyed a s  a w ide -bandwidth p r eamp l i ­
f i e r  i n  f ront o f  the mixe r eleme n t s  i f  de s i red .  

Anothe r type o f  low-no i se ,  w ide- bandw idth amp l i f ie r  . 
has recently bee n  demonstrated i n  wh i c h  the c i rc u i t  pa r am­
e te r s  of a DC- type SQUID magne tome te r we r e  opt imi zed f o r  
small - s igna l , h i g h - f r eque ncy ope r a t i o n .  No i se tempe r a ­
t u r e s  a s  low a s  1 K we r e  r e a l i z ed u p  to 100 MHz . Recent 
theo r e t i c a l  wo r k  i nd icate s tha t thi s type o f  ampl i f ie r ,  
used w i t h  t u ned i nput a nd o u tpu t , a s  i t  would be f o r  a n  I F  
amp l if i e r ,  w i ll g i ve a powe r ga i n  o f  43 dB a t  1 . 5 GH z .  I n  
c ompa r i ng no i se tempe r a t u r e s  w i t h o the r techno logie s ,  t he 
be s t  othe r ampl i f ier a t  f reque nc i e s  belo w 1 . 5 GHz use s a 
GaAs FET and has a no i se tempe r a t u r e  of 50 K at  r oom tem­
pe r a t u r e  and be low -10 K whe n coo l ed to 4. 2 K .  
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3 .  Pa ss i ve C i rc u i t  Eleme n t s  

A t  m ic r owave a nd m i l l ime te r f r equenc i e s  t he s u r face r e s i s­
tanc e  o f  a s upe rconduc to r i s  f i n i te bu t muc h sma l le r tha n 
that o f  a no rma l me tal c o nd uc to r . The r efo r e , pass i ve c i r ­
c u i t  e lements , suc h a s  antenna s t r uc t u r e s ,  transm i s s i o n  
i nte rc onnec t l i ne s ,  r e sonant f i lte r s  a nd c o uple r s ,  c an be 
f abr icated tha t w i l l  have muc h lowe r attenuat i o n  f ac to r s  
and , i n  add i t io n ,  exhib i t  nea r - z e r o  d i spe r s ion c ha r ac te r ­
i s t ic s .  ( The se prope r t i e s  pe r s i s t  unt i l  the s ig na l  f r e ­
que ncy become s c ompa r a ble w i t h t he frequency c o r r e spond i ng 
to the e ne rg y  g ap of the supe rconduc to r ,  no rmally abo u t  1 
THz o r  above. ) I f  used a lone , s uc h  pa s s i ve c i rc u i t  e le­
me nts may no t just i fy r e f r ige r a t i o n  bu t used in f abr icat i ng 
a mono l i thic i nteg r ated c i rc uit c o nta i n i ng m ixe r s  o r  I F  am­
pl i f i e r s ,  f o r  example ,  supe rconduc t i ve pass ive c i rc u i t  e l e ­
ments may ma ke a majo r contr i but ion towa rd d emons t r a t i ng 
the feas i bi l i ty of supe rcond uc t ive r ec e i ve r  f r on t  end s  i n  
naval ope r a t i ona l  systems. 

4 .  Vo ltag e -Tunable Sou rc e s  

I f  a vo ltag e  i s  app l i ed to a Jo seph son d evice , an  a l te r na t ­
i ng c u r r e n t  w i l l  f low thr oug h the device and , i f  i t  i s  em­
bedded in a s u i table c i rc u i t ,  e ne rg y  w i ll  be t r an s f e r red 
i nto the exte r na l  c i rc u i t. The r a t i o  of the appl ied vo l t ­
ag e t o  the f r eque ncy o f  t he r ad i at i on i s  h/ 2e , whe r e  h i s  
Planc k's consta n t  and e is the e le c t r o n i c  cha rg e J this 
c o r r e spond s  to approx ima tely 0. 5 GHz p e r  �v. Pi onee r i ng 
wo r k  unde r ONR fund i ng a t  the S t a t e  Un i ve r s i t y  o f  Ne w Yo r k ­
Stony B r oo k  has d emonstr ated t ne f ea s ibi l i ty o f  s uch a t u n­
able sou r c e  f r om 1 to 18 GH z .  Pha s e - loc k i ng expe r ime nt s 
o n  a r r ay s  o f  junc t ions i nd ic a te t ha t  t he u se o f  s e ve r a l  
hund r ed junc t ions i n  se r ie s  c an prod uc e  r ad i ated powe r i n  
the m i c r owa tt r ang e .  S uc h  de v i c e s  c o u ld be u sed a s  f r e­
que ncy-ag i l e  so u rc e s  for spr e ad - spec t r um appl icat i o n s  or  
a s  the loc a l  o sc i lla tor for  a f r ont-e nd s u bsy s tem in a 
m i c rowave o r  m i l l ime te r -wave rec e i ve r .  

5 .  Mo no l i th ic M i l l ime te r-Wave I n teg r ated C i rc u i t s  

S i nc e  a l l  t h e  above compone nt s c a n  b e  f abr ic ated i n  com­
pat ible t h i n- f i lm me ta l l i z a t i o n  f o rmat , t hey c o u ld be u sed 
to prepa r e  mo nol i th ic c i rc u i t s. Suc h c i rc u i t s  would be 
low cost , r e l i able , r ep r oduc i ble , a nd c o ns t i tu te a small 
he a t  load on a c ryog e n i c  subsy stem . 
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C .  ANALOG SIGNAL PROCESSORS 

Wo r k  has been done o n  two types o f  analog s ig na l -proc e ss i ng 
dev ices tha t ta kes advantag e o f  the i r  ext r eme ly wide band ­
width and low- loss prope r t i es o f  supe rc ond uc t i ve t r ansm i s ­
sio n l i nes . The devices a r e  conc eptually s imi la r t o  the 
e leme nts such as opt ical and sur f ac e  acoust ic -wave devices 
bu t w i t h  o rde rs o f  mag n i t ude g reate r bandwid t h .  

1 .  Tr ansve rsal F i lte rs 

M i n i a t u r e  supe rco nd uc t i ve t r ansmission l i ne s  a re part icu­
lar ly we l l  su i t ed fo r transve rsa l f i l te rs bec ause s ig nals 
w i t h  t ime -bandwidth p r od uc ts o f  1000 a nd bandwid ths o f  10 
GH z c a n  be conta i ned i n  compac t str uc t u res tha t i nc lude 
seve r a l  t ho usand t aps w i th acc u r ate phase a nd ampl i tude 
c ha r ac te r ist ic s .  Devices have bee n  demonstr ated success­
f ul ly ,  and p rototype s f o r  system app l ic a t ions c an be 
rea l i zed as e a r ly a s  f isca l  yea r 1 98 5 .  

2. Co r re lato rs 

The r e  a r e  t h r ee k i nd s  of  c o r r e lato r s  f o r  s i tuat ions whe re 
the a r r i va l  t ime o f  the sig na l is  k nown only approx imate ly 
and whe r e  a c hang i ng c ode is employed . One device t hat 
provide s t h i s f u nc t io n  c o r r e late s  a t ime - r e ve rsed segme nt 
of  a cont i nuously c hang i ng r e f e r e nce c ode w i th t he i nc om­
i ng s ig na l .  S uc h  device s  a r e  c a lled convo l ve r s .  Sy stems 
whe re the c ode i s  c hang ed pe r iod ic a lly and whe re t he 
a r r i va l  t ime o f  the s ig na l  i s  no t k nown- -as i n  r ad a r  and 
i n  I FF sy s tems - - r equ i r e  d e vice s whe re s ucc e ss i ve r e f ­
e r e nces a r e  s t o r ed and the i nc om i ng s i g na l  is convo l ved 
w i t h  the sto r ed r e f e r enc e . These devices a r e  c al led mem­
o ry co r r e lato r s .  I n  bo t h  dev ices eac h  refe r enc e  eleme nt 
i s multipl ied at a t ap w i th t he s ig na l ,  a nd t he o u tput o f  
a l l  t h e  tap s  a r e  summed s imu ltaneou s ly . A t h i rd ve r s ion 
mult ipl i es a r e f e r enc e  d i rec t ly w i th t he i ncom i ng s i g na l  
i n  a mixe r and t h e  outp u t  o f  t h e  mixe r is i nteg r ated i n  
t ime to f o rm t he d e s i red c o r r e la t ion.  Howeve r , bec a u se 
the a r r i va l  t ime o f  the s ig nal a t  the mixe r i s  no t known 
p rec i se ly ,  hundreds of m i xe r s  a r e needed , e ach f ed w i th a n  
i nc r eme nta l ly de layed r e f e r e nc e . Af te r t h e  i nteg r a t i o n  
i nte r va l  i s  c omple ted , t he o u tput o f  e ach m ixer i s  seque n­
t i al ly read o u t . These t ime - i nteg r a t i ng cor relato r s  a r e  
used i n  w ideband em i t te r - l oc a t i on sy stems a nd i n  spr e ad­
spec t r um c ommu n ic a t i o n  sy stems r e qu i r i ng s ig na l -process i ng 
g a i ns i n  exc e s s  o f  104 f o r  low-pr o bab i l i ty - o f - i nte rc ept 
( LP I )  c ommun ications . 

1 3 

Copyright © National Academy of Sciences. All rights reserved.

Superconductive Electronics
http://www.nap.edu/catalog.php?record_id=19405

http://www.nap.edu/catalog.php?record_id=19405


MIT L i nc o l n  Labo r ato ry ha s bee n explor i ng the fea s i ­
b i l i ty o f  s upe rc ond uc t i ve c onvo lve r s  d u r i ng t he p a s t  two 
year s .  The s t r uc t u r e  cons i s t s  o f  a t r ansm i s s io n  l i ne that 
is pe r iod ical ly tapped . A br idge c i rc ui t  of S I S  m ixe r s  i s  
loc ated a t  eac h tap . The s ig na l  i s  e nte red a t  one end o f  
t h e  t r ansmi s s ion l i ne and t h e  t ime- r eve r sed r e f e r e nc e  a t  
t he o the r end . The se i nc r eme ntally de layed ve r s ions of  
s ig nal and r e f e re nc e  appea r  a t  e ac h  t ap ,  whe r e  t hey a re 
mult ipl i ed . The prod uc t s ig na l s  a r e  f ed d i r ec tly i nto a 
t r ansm i s s io n  l i ne ,  and the c omb i ned s um o f  a l l  m ixe r s  
appe a r s a t  t h e  o u tp u t  t e r m i na l . A demo ns t r a t i o n  device 
with a bandwidth o f  2.3 GHz a nd w i th 50 t aps has been 
f abr ic ated and eval uated . The device pe rfo rms c lo s e  to 
theo r e t ical expec tat ions , a nd a p r o to type d e v ic e  w i th t he 
same ba ndwi d t h  and a t ime -bandw i d t h  prod uc t o f  100 i s  
und e r  deve lopment . I t  i s  expec ted to be r e a l i zed by t he 
e nd o f  f i sc a l  y e a r  198 4 .  Wo r k  ha s a l s o  beg u n  a t  the same 
labo r a to ry towa rd the r ea l i zat ion of a t ime- i nteg r a t i ng 
c o r r e lato r . The de vic e i s  to ut ili z e  the transm i s s ion 
l i ne ,  tap , a nd m ixe r d e s ig ns of t he c onvolve r  togethe r 
w i t h  r e sonato r - i nteg rator s ,  Jo sephso n junc t io n  compa r ­
a to r s ,  a nd s h i f t  r eg i s ter s .  The c ompa rato r s  a nd s h i f t  
reg i s te r s  a r e  c u r rently und e r  deve lopment , and the f i r s t 
demonst r a t ion device i s  expec ted i n  f i sc a l  y e a r  1986 .  

D .  ANALOG -TO-DIGITAL CONVERTERS 

An impo r t ant device i n  s ig nal-proc e s s i ng sys tems i s  t he 
analog - to -d ig i t a l  ( A/D ) conve r te r .  The eve r - i nc r e a s i ng 
demand s  o f  r adar  a nd c ommun ic at ion systems p u t  a p r em i um 
o n  a n  A/D tec hno logy w i t h  e spec ially broad bandw idth . 
Ac h i e vements o f  i n i t ial expe r ime nta t i o n  o n  A/D devices  
emp loy i ng Jo sephso n techno log y i nd ic a t e  advantag e s  o ve r  
ex i s t i ng semiconduc tor devic e s .  P r ed ic t ions f o r  A/D con­
ve r te r s  based o n  the H�MT d e v ic e  s ugg e s t  pe r f o rmanc e  compa­
r able with t he expec tat ions for Jo sephson-ba sed c onve r t e r s ,  
but w i t h  o rde r s  o f  mag n i t ude g r eate r powe r d i ss ipat i o n .  
I n  add i t ion , t he r e a r e  appl ic a t ions f o r  wh ich t he l ow i n­
p u t  le ve l  (=2 mv f u l l  sc a l e )  o f  the supe rco nd uc t i ng device 
and/o r its except iona l ly low powe r d i s s ipat ion e ssent i ally 
e l im i na t e s  c ompe t i t io n .  Key example s a r e  f oc a l -p lane quari­
t i ze r s  and d e v ic e s  to d ig i t i ze t he o utpu t s  of s upe rc o nduc t­
i ng ampli f i e r s  and m ill ime te r -wave mixe r s .  

The r e  a r e  two f a s t  type s o f  A/D c o nve rte r ,  t he f lash 
type and t he c o unt i ng type . Wo r k  is in prog re s s  o n  bo th 
u s i ng Jo sephson technolog y . Flash- type c o nve rt e r s  i n  sem i ­
cond uc to r  techno log y requ i r e  o n e  i np u t  compa r a t o r  c i rc u i t  
f o r  eac h  d ig i tal leve l ,  that i s ,  2N - 1 f o r  a n  N -b i t  c on­
ve r te r . As a r e s u l t  o f  the pe r i od ic i nte rfe rome t r i c  prop­
e r ty o f  SQU ID c i rc u i t s ,  o nly o ne c ompa rator is r equ i r ed 
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for  e ac h  b i t  i n  Josephso n techno logy . C i rc u i ts have been 
deve loped to provide the smal l  ape r t u r e  t ime hand led i n  
semicond uc t o r  tec hno logy by a sample- a nd - ho ld c i rc u i t .  
I n i t i a l  expe r iments have g i ve n r esults o f  3 - 4  b i t s  o f  
r eso l u t ion f o r  a n  a nalog s ig nal bandwidth o f  14 0 MH z and 3 
b i ts o f  reso l u t i o n  f o r  a 4 50 MH z analog s i g na l . Th i s  i s  
c ompa r a ble w i t h  the best labo r a to ry r e sults f o r  GaAs con­
ve r t e rs ,  and the powe r is o rders o f  mag n i t ude lowe r .  I n  
the counte r - type conve r te r ,  t he ana log s i g nal c r eates a 
se r i e s  o f  pulses tha t  a r e  cou nted i n  a b i na ry countdown 
c i rc u i t .  A c o unte r f o r  4 b i ts was ope rated w i t h  e v idence 
o f  sat isfacto ry count i ng a t  117 GH z .  Th is type o f  A/D 
o f f e r s  the poss i b i l i ty o f  a ve ry l a rg e  dynamic r a nge a t  
lowe r speed s .  A 12 - b i t c ounte r has bee n  demonstrated t o  
date . 

E .  D I G I TAL LOG I C  AND MEMORY 

Ove r the past decade , a numbe r o f  d i f f e rent Josephson 
log ic f am i l i e s  have been deve loped i n  t he labo rato ries o f  
IBM , other u.s. i nst i tu t ions , and i n  the Japanese NTT and 
M I TI p r ojec t s .  Less e f fo r t  has g o ne i nto t he d e ve lopme nt 
of memo r ies ,  howeve r ,  in add i t i o n  to the IBM wo r k ,  memo ry 
c e l l s  and sys tems have bee n  s t ud ied at NTT a nd t he Elec ­
trotechnical Labo r ato ry i n  Japan . 

The wo r k  on log ic has led to demo ns t r a t ions o f  i n­
c r ea s i ng ly f a s t  c i rc u i t s .  Fam i l i e s  based o n  i nte rfe r om ­
e te r s  ( SQU IDs ) and o the r s  c o ns i s t i ng o f  Jo sephson junc ­
t io n s  and r e s i s to r s  have bee n  demons t r a ted . Recently , a 
c i rc u i t  i n  1 . 5 -�m techno log y w i t h s i ng le f a nout was s hown 
to have a de lay of 5 . 6 ps pe r g a te . Suc h speed s a r e  
app r ox ima te ly a f ac to r  o f  2 f a s t e r  t ha n  t he best speed s o f  
log ic g a te s  u s i ng the HEMT ba sed o n  GaAs , wi t h  2 - 3  o rde r s  
o f  mag n i t ude lowe r powe r d i s s ip a t i o n .  

A numbe r o f  c i rc u i t s  hav i ng a f a i rly la rg e  g a t e  count 
have bee n  demonst r a ted , i nc l ud i ng a 500-e leme nt p r og r ammed­
log ic a r r ay ,  a n  8-bi t r ipp le c a r ry adde r ,  a 4 - bi t f u l l  
adde r ,  and an  8 x 1 2 - b i t  p a r a l le l  m u l t ipl i e r .  

The Ta s k Group a l so d i sc u s sed the resu lts o f  c omput e r  
s t ud i e s  o f  the e f f ec t  o f  m i n i a t u r i zat ion.  I t  appea r s  that 
the r e  is cons ide r able adva ntage in sc a l i ng the log i c  f am i� 
l i e s  to sma l le r  f e a t u r e  s i ze s  down to a bout 0 . 5 �m .  I t  
appe a r s tha t a fac to r  o f  nea rly 5 dec rea se i n  the ave r ag e  
g a te de lay f o r  e i the r i n te r f e r ome te r - type o r  r e s i s tor ­
junc t ion- type log ic f am i l i e s  c a n  be achi eved by sc a l i ng 
m i n imum- f e a t u r e  s i ze s  f r om 2 . 5 �m down to 0 . 5 �m .  The 
same sca l i ng would a l so i ncrease c i rc u i t dens ity by an 

o rde r o f  mag n i t ude . 
I n  add i t i on to log ic ,  h ig h - speed p r oc e s so r s  r equ i r e 

sho r t -acc e s s - t ime random -acc e s s  memo r i e s  ( RAMs) . The IBM 
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1- k b i t  Jo sephson RAM wa s nea r ly f unc t iona l  be f o r e  the te r ­
m i nat ion o f  t he p r o j ec t . Had i t  been c omp le ted , i t  wo u ld 
have had a subnano second acc e s s  t ime w i t h  a powe r d i s s ipa­
t ion o f  le s s  than 2 mw i nc l ud i ng powe r r eg ulat i o n .  Fuj i t ­
s u  r epo r ted i n  ea r ly 1984 a HEMT c ryog e n i c  ( 7 7  K )  1- k b i t 
RAM w i t h  0 . 9 - n s  access t ime t hat d i s s ipate s 360 mw . I t  i s  
expec ted tha t RAM acce s s  t ime s  i n  the two techno log i e s  
w i l l  b e  c ompar able [the GaAs FET techno logy ( non-HEMT) i s  
probably no t i n  the r unn i ng].  The o n-chip d i f f e r e nc e  w i l l  
l i e  i n  powe r d i s s ipat ion.  

H i g h - speed log ic and memo ry must  be i nc o rpo r a ted i n  
mul t i c h i p  sy stems , impo rtant d i f f e r e nc e s  c ould a r i s e  a s  
th i s  pa r t  o f  the e f fo r t  i s  d e ve loped . I n  t he c a se o f  GaAs 
FETs and HEMT , the transla t i o n  of o n-chip pe r f o rmanc e to 
mul t ic h ip sy s tems ha s y e t  to be demons t r a ted and has been 
ac k nowledg ed to be a problem a r e a . On  the o the r hand , a 
p r e l im i na ry sy s tem- leve l  demo n s t r a t ion has been made to 
ve r i fy the sy s tems a spec t s  of Jo sephso n technology . 

From what i s  now k no wn a bo u t  t he Jo seph son techno logy , 
i t  i s  rea sonable to expec t tha t  sma l l  t o  med i um - s i z e d ig i ­
t a l  p r oc e s so r s  i nc o rpo r a t i ng 1- k bi t  RAM c h ips c ould be 
bu i l t  w i t h i n 3 - 5  yea r s .  The r e  a r e  many h i g h-pe rfo rma nce 
app l i c a t ions that requ i r e sma l l  sy stems s uc h  a s  A/D c o n­
ve r te r s , data multiplexe r s ,  d ig i ta l  c o r r e lato r s ,  sma l l  
memo r ie s ,  and s imple d ata- r educ t io n  p r ep r oc e ssor s .  Fo r 
suc h  sy stem s , whi c h  have a sma l l  c h i p  co unt , the pe r fo r ­
manc e  f e a t u r e s  o f  h igh d e v ice speed a nd h igh system speed , 
c o upled w i t h  low powe r , o f f e r impo r tant advantag e s .  I n  
some c a s e s  these sy stems wo uld be u sed t o  i n te r f ac e  w i th 
already c ryog e n i c  se nso r s  and wo uld allow cons ide r able 
reduc t ion of data f o r  s ubsequent t r ansf e r  to r oom- tempe r ­
a t u r e  e lec t r onic s .  
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III . STATUS OF FABRICATION AND DEVICE TECHNOLOGY 

A .  TUNNEL JUNCT IONS AND INTEGRATED CIRCUITS 

Jo sephso n j unc t i o n  fabr icat ion techno log y  f o r  analog and 
d ig i ta l  app l ic a t ions c e nte r s  on t unne l j unc t ions f abr i ­
cated f r om the h ig he r  trans i t ion tempe r a t u r e  s upe rcon­
d uc to r s ,  Pb and its al loy s ,  and Nb a nd i t s  a l loy s . Ea r ly 
larg e - sc a le wo r k  concentr ated o n  Pb-al loy ox ide j unc tion 
tec hno logy bec ause o f  t he r e lat i ve e ase o f  mak i ng h ig h ­
qua l i ty j unc t io n s  i n  th i s  sy s t em . Pr i nc ipa l dr awbac k s  of 
th i s  soft  me tallurg y  system a re t he tendency for j unc t ions 
to sho r t  afte r the rma l cyc l i ng and the long - te r m  i n stabi l ­
i ty o f  j unc t io n  charac te r i st ic s .  Con s id e r able e f f o r t  a t  
IBM o n  deve lop i ng Pb-alloy e lec t r od e  ma te r i als r e s ulted i n  
orde r s  o f  mag n i t ude improveme nt i n  c yc lab i l i tyJ howeve r ,  
stabi l i ty to the deg ree requ i red fo r compute r techno logy 
rema i ned a p r o blem . The deve lopment o f  h ig h-qual i ty 
Nb/Nb-ox ide/Pb-al loy j unc t io n  fabr i c a t i o n  technique s 
solved both the stabi l i ty and cyclabi l i ty p r o blem s .  The 
h ig he r d i e lec tr ic constant of the Nb ox ide meant tha t 
smalle r j unc t ion a r e a s  we re nec e s s a ry to ma intai n speed . 
Junc t io n s  g rown o n  f i lm edg e s  ease d  the l i thog r aph ic 
cont r o l  requ i r eme nts for  t he r equ i red sma ll a reas . I n  
1981 IBM swi tched i t s  ma i n  deve lopmen t  e f f o r t  f r om the 
planar Pb- a l loy j unc t ions to N b-edge j unc t ions and c ho se 
th i s  techno log y f o r i t s  deve lopme nt l i ne .  Sy m i d - 198 3 ISM 
had demonstr ated t he a bi l i ty to f abr i c a te 12-ma s k - l eve l 
i nteg r a ted c i rc u i t s  ( IC s )  wi th r oughly +1 0 - 1 5  p e rc ent 
cont r o l  o f  Josephso n c r i t ic a l  c u r r e nt s  in ar r ay s  o f  
10 0 0 - 2000 i nte r f e rome te r s  pe r quarte r - i nch c h ip .  

Wh i le IBM wa s conc e nt r a t i ng i t s  deve lopme n t  e f f o r t s  
o n  demons t r a t i ng t he manu f ac t u r abi l i ty o f  t he Nb/Pb- a l loy 
edg e j u nc t io n  tec hno logy , re sea rc h  a t  IBM and o the r lab­
o r a to r ie s  r e s u l ted i n  t he demons t r a t ion o f  seve r a l  tech­
n i que s fo r ma k i ng acceptable qual ity al l-Nb tunne l j unc ­
t ions . P r i nc ipally , these i nvo lved e i the r ba r r i e r s  o f  
depos i ted amo rphous s i l icon,  A l  ox id i zed t o  Al 20 3 , o r  
a n  i nte r f ac i al Au lay e r  ove r t h e  nat i ve N b  ox ide pr i o r  to 
depo s i t ion o f  t he N b  c ounte r e lec trode . Among t hese , t he 
Spe r ry Se lec t i ve N i o b i um Anod i zat io n  Proc e s s  ( SNAP ) employ­
i ng S i  ba r r i e r s  was d e ve loped f u rthest , to 10 g a tes p e r  
c h i p  dens i t i e s  w i t h  a f i ve -ma s k - le ve l  proce s s .  Th i s  p r o� 
ces s ( a nd o f f shoo t s )  star t s  w i th t he f a br icat ion o f  a s i n­
g l e j unc t i on ove r the e n t i r e  waf e r .  Only afte r the j unc ­
t ion has been c omp le ted i s  the wafe r exposed t o  any o f  the 
proc e s s i ng steps ( such as e tc h i ng and photo re s i s t  depos i ­
t io n  and r emova l ,  e tc . ) wh ic h ,  d u r i ng t he c o nve nt ional 
w i ndow- j unc t i o n  technology , may adve r se ly a f f ec t  the j unc ­
t io n  qual i ty and u n i f o rm i ty . Th i s  may lead to u n i f o rm i ty 
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advantag e s  and rathe r  i nexpe ns i ve e l iminat ion o f  wa f e r s  
hav i ng unf avo r able c u r rent dens i t i e s .  

The Elec t r o techn ical La bo r a t o ry i n  Japan has d e ve l ­
oped an I C  p r oce s s  employ i ng NbN ( Tc - 17 K )  j unc t ions , 
and a numbe r o f  o the r i ns t i t u t io ns a r e  ma k i ng j unc t i ons 
with NbN -base e lec t r ode s .  Rec e nt expe r ime nts have r e ­
sulted i n  the demonstrat i o n  o f  a CVD proc e s s  f o r  tunne l  
ba r r i e r s  o n  NbN . 

Ta ble 1 s hows the ex i s t i ng and d eve lop i ng Jo seph son 
IC fabr ica t io n  fac i l i t i e s  in the Un i ted S tate s .  None o f  
.the se a r e  expec ted to become c apable o f  ma k i ng c h ips w i t h  
hundreds o f  g a te s ( i nte r f e r ome te r s )  wi th v i able y i e ld .  

B .  NONHYS TERET IC JUNCT IONS 

Some ana log appl ic at ions of Jo sephson j unc t ions r equ i r e 
nonhy s te r e t ic I -V cha r ac te r i s t ic s .  Th i s  c a n  be o bta i ned 
by r e s i s t i vely s hunt ing t unne l j u nc t ions , but at t he ex­
pense o f  r educ i ng the device I�R p r od uc t  and henc e  the 
pe r f o rmanc e o f  the device . Th1s deg r adat ion c a n  be m i n i ­
mi zed by u s e  o f  h ig h -c u r r e nt-dens i ty ,  s u bm i c r ome te r - a rea 
j unc t io n s . 

As an a l te r nat i ve approac h ,  j unc t i ons c an be pr oduced 
wi th semime t a l  or deg ene r a t e - semicond uc to r ba r r ie r s .  Th i s  
appr oac h c a n  y i eld h ig h  Ic R p r od uc ts w i th nonhy s te r e t ic 
c u r r e n t - vo l tag e charac te r i s t ic s .  Fo r mo s t  appl icat ions 
metal br idg e j unc t i ons do no t o f f e r  g o�d p e r f o rma nc e  o w i ng 
to the fabr ica t io n  requ i r eme nt (-1000 A br idg e d imens i on s )  
and low impedance (R = 1  ohm) . Excep t ions to the neg a t i ve 
view o n  me tal contac t s  i s  the h igh- tempe r a t u r e  SNS device , 
wh i c h  has bee n u sed to demons t r a te SQU ID behav i o r  up to 16 
K and g r anular  NbN wea k  l i nk s .  Ano the r i s  the need f o r  
j unc t ions w i t h  c ontr o l led and r educ ed Ic R a nd R to be 
used i n  se r i e s  a r r ay s  f o r  tunable m i l l imete r -wave o sc i l ­
lato r s .  

C .  S UPERCONDUCTIVE TRANS ISTOR 

Althoug h the appl icat ions d i sc u s sed i n  sec t i o n  I I  suc c e s s­
f u lly employ c i rc u i t s  w i t h  Jo sephson j unc t i ons , t he two­
t e r m i nal na t u r e  o f  the devic e and concom i tant d i f f icu lty 
o f  i nput-o utput i so lat ion and low c i rc u i t  g a i n  have made 
d i f f ic u l t  the explo i ta t i o n  of i t s  extreme ly h i gn sw i tc h i ng 
speed . Transf o rme r c o upl i ng u s i ng i nt e r f e rome te r s  has 
p r ov ided a k i nd o f  three - te rm i na l  ope r a t i o n ,  bu t a t  the 
expe nse o f  i nc r ea sed s i ze and r educed pe r f o rmance . C i r­
c u i t s have also bee n  deve loped us ing comb i nat ions o f  
j unc t ions and r e s i s to r s  i n  wh ich i solat ion i s  ac h i eved 
u s i ng the h i g h  r e s i stanc e  o f  a swi tched J Unc t io n .  Seve r a l  
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TABLE 1 S upe rcond uc t i ve c i rc u i t fabr ica t i o n  f ac i l i t i e s .  

Process Personnel* 
Laboratory ExistiR9 under Circuit Facility Group Fabri- co-ents 

Process Developaent Coaplexity Resources Total cation 

AT•T Bell Labs Nb-Al2 0J -Nb Single junctions 2 1 Materials and 
(Murray Hill) (SNBP) (2 •ask levels) physics eaphasis 

Cornell University Nb-Nb:zOs-Pb NbN-Al 203-Nb lOs of junctions so. 6M plus 6 3 Basic physics 
use of NRRF 
on subllicro-
aeter devices 

Hughes (Carlsbad) NbN-NbN Planning 100 gates SO. SM plus 4 Signal process-
(SNAP-like) with 8 aask levels access to (planning ing applications 
planned lithography s 2) 

..... HYPRES Two Nb-x-Nb lOOs of junctions S0. 6M ll s HYPRES created 
\Q processes 4 logic gates August U83r 

(one SNAP- S aask levels instr1111ent pro-
like) duct requires 4 

gatesr plan to 
develop 4-kbit 
cache •e•ory 

IBM (Yorktown Heights) Nb-Nb:z05-Pb Series arrays of Sl. SM in- 20 9 Bllphasis on 
1000s of junctions eluding basic device and 
lOs of gates lithography ut erials 
S •ask levels r•search and 

sc ientif ic 
applications 

NIT Lincoln Laboratory Nb-Nb2o5-Pb Junction arrays SlM dedicat- 13 8 Baphasis on 
(24 ele•ents with ed plus analog sig nal 
16 junc;tions/ access to processiR9 
ele•ent) SSM process 

and test 
equipae nt 
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TABLE 1 Continued 

Process Personnel* 
Lal)oratory Existing under Circuit Facility Group Fabri- co-ents 

Process Develop•ent Coaplexity Resources Total cation 

National Bureau of Pb-PbO-Pb Nb-Nb205-Pb Series arrays S0. 7M plus ll 6 Teaching and 
Standards (Boulder) dedicated fabrication for 

optical and a nu•ber of uni-
electron-beam varsity and in-
lithography dustry workers 

included 

Sperry Corp. Tech. Nb-aSi-Nb Nb-Ge-Nb 20-junction arrays Sl. 5M dedicated 17 6 Magnetoaetry, 
Center (St. Paul) (SNAP) planned 1985 planning 7 mask- plus access to (planning and milli•eter-

level capability lithography 29 12 wave application 
1985 for 1984) (eventually 

digital) 

N State Univ. of NY Nb-Nb2o5-Pb Planning 100-junction arrays SlM dedicated 5 3 Basic physics 
0 (Stony Brook) Nb-Al2o3-Nb 3 mask levels applications 

planning 1000- and milli•eter-
junction arrays wave generator 

TRW (Redondo Beach, Nb-Nb2o5-Pb Planning 100-junction arrays so. SM 7 3 lllilli•eter-wave 
CA) Nb-x-Nb for 6 gates and signal-pro-

1985 7 mask levels ceasing applica-
tiona 

Univ. of California 
(Berkeley) Pb-PbO-Pb Nb-aSi-Nb 32 gates S0. 4M dedicated !J 4 Signal process-

EECS Dept. (SNAP) 8 mask levels incorporated in ing 
UCB •icrofabri-
cation facility 

Physics Dept Nb-Nb2o5-Pb Several SQUIDs SO. lSM plus 4 4 Magnetometry 
access to UCB 
microfabrica-
tion facility 
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Laboratory 

Univ. of Utah 

Univ. of Wisconsin 

Westinghouse 
(Pi ttaburgh) 

Existing 
Process 

Nb-AltJ3-Nb 

Nb-Nb2o5-Pb 

Nb-Al�3-Nb 

Process 
under 
Development 

NbN-Ox-NbN 
NbJSn-Ox-Pb 

TABLE 1 Continued 

Circuit Facility 
Complexity Resources 

lOa of junctions $0. 15M plus 
access to 
lithography 

lOa of junctions SO. SM plus 
access to IC 
lithography 

100 junctions SSM dedicated 
5 mask levels including 

lithography 

Personnel* 
Group Fabri­
Total cation 

2 2 

8 5 

5 2 

co ... nta 

Signal process­
ing 

Junction fabri­
cation and 
physics 

Materials and 
analysis support 
for bigh-T 
fi�s (5 people) 

*These numbers include persona with other responsibilities, for example, graduate students. Nuaber of persons listed as 
in fabrication devote just part of their time to fabrication in •ost cases. 
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suc h f am i l i e s  a r e  be i ng u sed i n  Japan to ma ke med i um- s i ze 
c i rc u i t s  s uc h  a s  a 4 - b i t  f u ll  add e r  ( a t  NEC) . The latch­
i ng natu r e  of the device also lead s t o  the r equ i reme nt of 
an AC powe r s upply . 

I t  i s  c le a r  that the d i scove ry o f  a d e vice w i th t r an­
s i s to r - l i ke prope r t i e s  tha t c o u ld ma i n ta i n  the speed and 
low-powe r advantag e s  of the Jo seph son device wou ld be much 
eas i e r  to explo i t  f o r  l a rg e  sy stem-leve l pe rfo rmanc e ad­
vantag e s .  A t  p r e sent t he r e  i s  n o  s u i table semicond uc to r 
t r ans i s to r  f o r  h ig h - speed , h i g h-de ns i ty c i rc u i t  appl ic a­
t ions at  s upe rconduc t i ng tempe r a t u re s .  FETs c an be made 
to wo r k  at t hese tempe r a t u r e s ,  bu t the powe r leve l o f  
c onvent ional o ne s  i s  p r o h i bi t i ve ly h ig h .  S uperc o nd uc t ive 
device s ba sed o n  g ap supp r e s s ion ( CLINKs , Qu i te ro n s )  are  
f undame nta l ly l im i ted in  p e r f o rmance by i ne last ic scatte r ­
i ng t o  t ime s o f  =50 p s  and by t h e  na t u r e  o f  the nonequ i ­
l i br i um e f f ec t s  ope r a t i o n ,  which w i l l  c ause latc h i ng . 
Othe r phy s ic a l  p r i nc iple s tha t mig ht be exp lo i ted fo r 
devic e s  ( e . g . , s upe rc ond uc t i ve hot- e lec t r o n  t r ans i s to r s  o r  
vo ltag e -controlled t unne l i ng device s )  nave no t ye t bee n  
deve loped to the po i nt whe re powe r g a i n  h a s  been demon­
s t r a ted . 
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I V .  REFRIGERATION 

A s table c ryog e n ic e nvi r onment i s  c r uc i al f o r  s upe rc ond uc ­
t i ve e lec t ronic system appl ications . A s u i table c ryogenic 
enc lo s u re c a n  be p rovided e i the r  by an open-cyc le c onta i ne r  
( dewa r )  o r  by a c losed-cyc le re f r ig e r at i o n  sys tem . The 

c ho ice of a c ryog e n ic s ubsy s tem i s  d e te rm i ned by a numbe r 
o f  f ac tor s :  ope r a t i ng tempe rature , tempe r a t u r e  s tabi l i ty ,  
c oo l i ng c apac i ty ,  i nteg r a t ion w i th t he e lec tronic pac kage 
wi tho u t  deg rada t i o n  o f  sy s tem pe r f o rmanc e , we ight , s i ze ,  
o r  powe r l im i ta t i ons . 

A .  DEWAR S YSTEMS 

Dewa r s  de s ig ned f o r  c oo l i ng of spec i f ic sy stems c a n  be 
bu i l t  w i t h  bo i lo f f  rate s as low as 0 . 3 l i te r pe r day , 
wh i c h  c o r r e spond s  to a total heat leak i nto t he he l i um 
r e se r vo i r  o f  10  mw . Hea t  d i s s ipated by the e lec tronic 
pac kag e  and heat c onduc t io n  down t he I /O l i ne s  is  added to 
th i s  va lue to def i ne the bo i lo f f  r a t e  of  the i nteg r a ted 
sys tem . Bec ause t he d ewa r has no mo v i ng pa rt s ,  it c an be 
h ig hly r e l i able and produce neg l ig ible i nte r f e r e nc e  s i g na l s  
t h a t  mig ht d eg r ade sy stem pe r f o rmanc e . The p r imary d i sad­
vantag e  i s  that he l i um mu s t  be pe r iod ic a l ly repleni shed . 
I n  some appl icat ions ano t he r  d i sadvantag e i s  that t he 
ve nted he l i um g a s  mu s t  be removed f rom the e nv i rons o f  the 
dewa r sy stem in o rd e r  to p r eve nt an ambient p r e s s u r e  
bu i ld up . 

B .  CLOSED-CYCLE REFRIGERATION S YSTEMS 

I n  a numbe r o f  sy stems whe r e  dewa r ope r a t i o n  i s  no t f e a s i ­
ble , c lo sed -cyc le r e f r i g e r a t i on i s  r equ i red .  Clo sed -c yc le 
r e f r ig e r a to r s  f o r  4 K ha.ve bee n  bui l t  tha t c an provide 
c oo l i ng c apac i t i e s  r ang i ng f r om m i l l i watts  up to 1000 w .  
An approx imate value fo r the e f f ic iency o f  suc h  4 K c oo l ­
e r s  i s  l o - 3 . The d i sadvantag e s  a r e  l im i ted r e l iabi l i ty 
( a s soc i ated w i t h  mov i ng pa r t s  i nc l ud i ng s l id i ng seal s and 

contam i nat ion o f  the wo r k i ng f l u id w i th c o ndensable mate­
r i a l s ) and i n t roduc t io n  of inte r f e r i ng s ig na l s  g e ne r ated 
by the r e f r i g e r a to r  ( e lec t r ical , mag ne t ic ,  o r  mechanical , 
f o r  example ) wh ic h may deg r ade e lec tronic sy s tem pe r fo r ­
manc e . 

At p r e sent t he r e  a r e  a numbe r o f  o ng o i ng p r og r ams to 
deve lop r e l iable sy s tems ( MTBF o f  the o rde r o f  6 mo nths o r  
mo r e )  w i t h  f r ac t ional-watt c oo l i ng c apac i t ie s  a t  tempe ra­
t u r e s  be low 10 K tha t w i l l  exh i b i t m i n ima l i nte r f e renc e  
s ig nal s . S uc h  r e f r i g e r a t ion sys tems s u i table f o r  many o f  
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the ant ic ipated supe rconduc t ive elec tronic applications 
w i l l  be ava i lable i n  t he nea r f uture . 
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V .  NAVY SYSTEM OPPORTUNITIES WITH 
SUPERCONDUCTIVE ELECTRONICS 

In the j udgment o f  the Ta s k  Group the r e  a r e  seve r a l  type s 
of Navy sy stems that could ach i e ve s ig n i f icant pe r f ormance 
advantag e s  by u s i ng supe rconduc t i ve e lec tronic s .  Fig ur e  3 
i s  a g e ne r a l i zed system bloc k d iag r am f o r  an e lec tronic s  
sy stem fo r r ada r , communicat ion s , o r  elec t ronic s counte r ­
measu r e s  ( ECM) appl icat ions . Func t ions towa rd t he l e f t  o f  
t h e  d i ag r am ( sy stem i npu t end )  a r e  t h e  mo s t  appropr iate 
f o r  supe rconduc t i ve techno logy bec ause o f  the i nc r eased 
premi um for low no i se and wide bandwid t h . Element s ne ar  
the output e nd c an be impleme nted w i t h  mo re convent ional 
tec hno log y  because o f  i nc r eased s ignal leve l s  and lowe r 
speed S J  the r e , g r eate r pa r a l le l i sm a nd sy stem c omplex i ty 
c a n  be u sed than i n  elements nea r  the i np u t  e nd .  

Among the supe rc ond uc t i ve devices that have oeen dem­
onstrated a r e  mag ne tome te r s ,  mixe r s  and de tec to r s ,  ampl i ­
f ie r s ,  o sc i l lato r s ,  a nalog s ig nal p r oc e s so r s , a nalog - to­
d ig i ta l  conve r te r s ,  and d ig i ta l  log i c  and memo ry . The 
p r i mary advantag e s  of these s upe rc onduc t i ve devices a re 
quantum- l imi ted sens i t i v i t i e s , lowe r no i se s ,  highe r  ana log 
speed s and bandwidth s ,  h ighe r s w i tc h i ng speed s ,  a nd lowe r 
powe r d i ss ipat ion . I n  th i s  sec t i o n  we de sc r i be appl ic a ­
t ions whe r e  t h e  pe r f o rmance advantag e s  o ve r  r oom- t empe r a­
t u r e  de vic e s  o u twe ig h  the d i sadva ntag e o f  the requ i red 
re f r i g e r at ion . 

A .  MAGNETIC ANOMALY DETECTION AND ELF COMMUNICATIONS 

The Navy ha s a requ i reme n t  fo r Mag ne t i c  Anoma ly De tec t i on 
( MAD )  both for ant i su bma r i ne wa r f a r e  ( ASW)  and ant imine 
wa r f a r e  ( AMW ) . The Nava l Coastal Systems Ce nte r ( NCSC )  i s  
develop i ng a n  a i r bo r ne MAD sy stem employ i ng supe rc onduc­
t i ve mag ne t ic senso r s tba t  w i l l  provide rea l - t ime t a rg e t  
ac qu i s i t i on a nd t r ac k i ng c apab i l i t ie s .  Th i s  could p r o ­
foundly improve ASW capabi l i t ie s  o f  t h e  f leet . 

A numbe r o f  s e r ious  pro blems t hat have been ident i ­
f i ed f rom the f l ig h t  te s t  and subseque nt me asu r eme nts 
i nd ic ate t he need for a coord i nated r e searc h  and d e ve lop­
ment e f fo r t  to improve the SQU I D  senso r s  and the i r  supe r ­
conduc t i ve compone nt s .  The a r eas that need part ic ular 
attent i o n  are tho se assoc i ated with the rmal pre s s u r e  and 
mechanical sens i t i v i ty o f  the S QU ID a nd f l ux t r ansforme r 
a ssembly . Re search prog r ams tha t  should e f f ec t i ve ly deal 
w i th the se problems have been i n i t i ated by NAVAIR . 

The r e i s  an  u rgent requ i reme n t  wi th i n  the f lee t to 
c ommunic a te w i th i ts subma r i ne s  on s tat ion.  One appr oach 
is a n  ELF ( 3 0 - 1 3 0  Hz ) c ommu n ic a t i o n s  sy stem . The ex i st i ng 
rece i v i ng ante nnas a r e  e x t r emely long ( mo r e  than 3 0 0  m i n  
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FIGURE 3 Ge ne r al i zed sy s tem bloc k d i ag r am f o r  r ad a r , 
commun icat ions , o r  e lec t r ic c o unte rmeas u r e s . 

leng th )  and have hig hly d i rec t i ona l antenna pa t t e r n s  tha t  
impo se s t r i ng e nt cons t r a i nt s  o n  t he maneuve r abi l ity o f  t he 
subma r i ne .  A SQUID-ba sed ELF antenna fo r r ec e i v i ng the se 
s i g nals has been bu i l t  and i t s pe r f o rmanc e  demons t r a ted i n  
s ta t i ona ry te s t i ng bo th a t  the s u r f ac e  and deptns o f  1 0 0  
m .  Howe ve r ,  tow i ng te s t i ng h a s  not been p e r f o rmed . The 
ava i labi l i ty of a SQU ID sy s te m  w i t h  improved dynam i c  r ang e 
would e a se the platform s tabi l i ty requ i r eme nts f o r  s uch an 
antenna sy stem . A d ig i tal SQU I D  sy stem employ i ng the i n­
t r i ns i c  quan t i z ed r e sponse o f  a Jo seph son i nte r f e r ome ter 
o r  Jo sephso n A/D conve rto r s  immed i a te ly beh i nd a conve n­
t i onal analog S QU I D  sensor o n  t he same c h ip in the dewar  
sy stem wou ld be u sef u l  for  th i s  appl icat i o n  a s  we l l  a s  f o r  
a va r i e ty of o the r appl icat i ons . 

B .  RADAR AND COMMUN ICAT IONS S YSTEMS 

S upe rconduc t i ve devices o f f e r  a numbe r of oppo r t u n i t i e s  f o r  
s ig n i f icantly improved pe r f o rmanc e o f  a va r i e ty o f  r ad a r  
and communicat i ons sy stems t h r o ug h  i nc r eased rece i ve r  se�­
s i t i v i ty and bandwid th . The payof f for Na vy sy s tems of e n ­
hanced r ec e i ve r  sens i t i v i ty c ome s t h roug h  lowe r t r ansm i t t e r  
powe r requ i r eme n t s  a t  m i l l imete r -wave f requenc i e s  whe r e  

2 6  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

S u p e r c o n d u c t i v e  E l e c t r o n i c s
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 4 0 5

http://www.nap.edu/catalog.php?record_id=19405


bot h  sens i t i vi ty and t r ansmi tte r powe r a r e  ha rd to obt a i n .  
The advantag e of  l a rg e  bandwidth i s  h igh i nf o rmat ion d ata 
rate . I t  appea r s  pos s i ble to comb i ne supe rconduc t i ve de­
vices i nto a s ing le c ry ogenic pac kag e  to g i ve t he advan­
tag e s  of bo th h ig h  sens i t i v i ty and data r ate . 

1 .  Rece i ve r  S e ns i t i vi ty 

I t was shown i n  sec t ion I I ,  B ,  t hat the s upe rconduc t o r ­
i nsulato r - supe rconduc to r ( S IS )  t unne l  j unc t io n  i s  b y  f a r  
t h e  be s t  mixe r avai lable a nd t he o nly o ne t h a t  c an g i ve 
wide bandwidths wi th rece i ve r  no i se tempe r ature s below the 
ambient value at m i l l ime t e r -wa ve f r equenc i e s .  Fo r exam­
ple , mea s u rement s at the Godda rd I ns t itute showed a s i ng le ­
s id e band rece i ve r  no i se tempe r a t u r e  o f  5 5  K a t  4 6  GHz a nd 
6 8  K a t  1 1 5  GHz , at  leas t  a f ac to r  o f  2 be t te r than has 
e ve r  bee n  done with c ooled semiconduc tor  Scho t t ky d iode 
mixe r s .  I t  appe a r s that anothe r fac to r -o f - 3  improveme nt 
is  po s s i ble . The S IS mixe r has t he u n i que advantage o f  
po te nt i a l  conve r s io n  g a i n ,  thu s mi nimi z i ng the no i se 
cont r i bu t ions of t he I F  ampl i f ie r .  

Anothe r deve lopme nt tha t may prove o f  g re a t  impo r ­
tance i n  ma k i ng ve ry low no i se and , t he r e f o r e , sens i t i ve 
rece i ve r s  i s  a n  ampl i f i e r  tha t  i s  based o n  a pr i nc iple 
s imilar  to the SQUID mag ne tome te r . It has been d emon­
s t r ated to have a no i se tempe r a t u r e  o f  1 K ( 0 . 0 1 5  dB no i se 
f ig u r e )  f o r  s ig nal f r equenc ie s  up to 1 0 0  MHz . Wor k i s  i n  
prog r e s s  t o  r a i se the bandw id t h  f u rthe r . Th i s  ampl i f ie r 
could be adapted to be the I F  ampl i f ie r  f o r  a ve ry - l ow­
no i se rec e i ve r  f ront e nd .  

rie a l so s aw i n  sec t i on I I ,  B ,  that the Jo sephson j unc­
t i o n  i s  a r ap idly tunable voltag e -controlled o sc i llato r . 
The powe r i s  low unle s s  a r r ay s  o f  many j unc t i ons a r e  u sed , 
bu t thi s low powe r i s  qu i te adequate f o r  i t s  use a s  a loca l  
o sc i l lator i n  a supe rc onduc t i ve r ece i ve r  f r ont e nd .  

I t  would be ent i re ly feas ible and hig hly prof i table 
to i nteg r a te the m ixe r , local o sc i llato r , and IF ampl i f ie r  
o n  a s i ng le chip t o  ma k e  by f a r  the mo s t  sens i t i ve rec e i v­
er f ront e nd in ex i s tenc e . S e n s i t i v i ty a nd t r ansm i t t e r  
powe r can b e  t r aded o f f  unle s s  j amm i ng i s  e ncounte red , and. 
i t  i s  f a r  mo re p r ac t ical to wo r k  towa rd improved r ece i ve r  
sens i t i v i ty .  I nc r ease s i n  t r ansmi t te r powe r ,  except f o r  
applicat ions s uch a s  e lec t r o n ic warf ar e , a r e  no t alway s 
prac t ic a l  bec ause o f  cost , s i ze , powe r requ i rement s , sou rc e  
s tabi l i ty ,  a nd cove r t ne s s  o f  ope r a t i o n .  I t  i s  t he op i n ion 
o f  the Ta s k  Group tha t fo r rece i ve r  appl ic a t i o n s  bo t h  i n . 
r ad a r  and c ommu n icat ions a t  f r equenc ies above 3 5  GHz , t he 
supe rconduc t i ve f ront e nd wou ld be o f  g re a t  va lue . 

The deve lopme nt o f  r e f r ac t o ry , h igh-ope r a t i ng - t empe r a­
t u r e  S IS device s and dev i c e  a r r ay s  a s  mi ll ime te r -wave mix-
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e r s  and de tec to r s  i s  the g o a l  o f  a Na vy prog r am a t  NRL and 
und e r  i ndust r ial c ontr ac t .  The S QU ID parametr ic ampl i f i e r  
( see sec t io n  I I ,  a ,  2 )  i s  also be i ng d o n e  unde r thi s p r o ­
g r am ,  and the eventual g oal i s  t o  i nteg r ate t hese d e v ic e s  
and component s monol i thically o n  a s i ng l e  c h i p  fo r evalua­
t i on as a r ece i ve r  f r ont e nd .  

2 .  B r oad band S ig na l  Proce ss i ng 

S upe rcond uc t i ve devices o f f e r  oppo r t u n i t ie s  f o r  h ig h - speed · 
s ig na l  proce s s i ng bot h  i n  analog and d ig i ta l  f o rms . Analog 
devices u s i ng s upe rcond uc to r s  a r e  s i m i lar to the s u r f ac e  
aco u s t i c -wave device s  c u r r e nt ly emp loyed i n  r ad a r  sy stem s  
o u t  wi th 1 - 2  o rde r s  of mag n i t ude g r eater  bandwid th . D ig i ­
t a l  s i g na l -p r oc e s s i ng dev i c e s  have lowe r oandw id t h  than 
the analog d e v ic e s ,  bu t  t he i r  advantag e  is ve r sat i l i ty ;  
supe rcond uc t i ve devic e s  o f f e r data r a t e s  abo u t  a n  o rde r of  
mag n i t ude h ig he r  than is  c u r r e n t ly ava i lable . As seen in  
Fig u r e  2 ,  the analog proc e s so r s  wou ld be  u sed c lo se r to 
the ante nna , whe r e  t he analog p r eproc e s s i ng could r ed uce 
the bandwid th t o  leve l s  that can oe hand led by the A/D 
c onve r te r  and the d ig i tal p r oc e s s o r . 

a .  Analog S ig nal Proce s s i ng 

Pa s s i ve t r ansve r sa l  f i l te r s  and o the r c i rc u i t  e le­
men t s  are u sed for a wide va r i ety o f  s ig na l -proc e s s i ng 
f unc t ions i n  r ada r , c ommunicat ions , and e le c t r o n ic - i ntel ­
l ig e nc e  sy stem s . Suc h  f unc t ions have bee n  real i zed i n  
c h a rg e -coup led a nd s u r f ace -acou s t ic -wave device s f o r  t he 
proce s s i ng of  s ig na l s  w i t h  bandw idths a s  g rea t a s  1 GHz .  
Howe ve r ,  t r ansve r sal f i lte r s  w i th bandwid ths i n  t he 1 - 1 0  
GHz rang e a r e  needed i n  sy stems fo r t h e  de tec t i o n  and 
i ntercept ion of m i l l ime te r -wave r ad a r  and c ommunic a t ion 
s ig na l s  and for the proc e s s i ng of h i g n - r e so l u t i o n  ac t i ve 
r adar imag i ng .  M i n i a t u r e  s upe rc onduc t i ve t r ansm i s s ion 
l i ne s  a r e  pa r t ic ula r ly we l l  s u i ted for  th i s  pu rpo se bec ause 
s ig na l s  w i th t ime - bandw idth p r od uc t s  of  1 0 0 0  and bandwidths 
to 1 0  GH z c a n  be c onta i ned in compac t tr ansm i s s i o n - l i ne 
s t r uc t u r e s  that i nc l ude se ve r al thou sand taps w i th acc u r ate 
phas e  and amp l i t ude charac te r i st ic s .  De v i c e s  have bee n  
demonstr ated s ucc e s s f u l ly , and p r ototype s could b e  r ea l i zed 
f o r  sy s tem app l ic a t ions in f i sc a l  yea r 1 9 8 5 . Only opt ical 
f i be r s  have t he potent ial f o r  c onta i n i ng s uch s ig na l s  as  
we l l ; howeve r , it  is  no t pos s i ble to f a s h i o n  tho u sand s  o f  
p r ec i s i o n ,  phase -cohe r e nt t ap s  i n  opt ic a l  technolog y , and 
i t  i s  t he r e f o r e  no t su i tabl e  f o r  th i s  pu rpose . 

Pe r haps t he mo s t  demand i ng s ig na l -p r oce s s i ng f unc t ion 
in r ada r , communication s , imag i ng , and e lec t r o n i c  i ntell i -
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gence sy stems i s  the cor re l a t i o n  of one s ig na l  w i t h  ano the r 
i n  real t ime .  Of ten the s ig na l s  c hange w i th t ime , o r  a 
wide var i ety o f  s i g na l s  mu s t  be processed by the c o r r e l a­
tor . One of the c ompe l l i ng needs addressed by t he na t ion­
a l  ve r y - h ig h - speed i nteg rated-c i rc u i t s  ( VHS I C )  e f fo r t  i s  
t o  provide the defense community w i th cor r e lato r s  c apable 
o f  hand l i ng s ig na l s  w i t h  t ime - bandwid th produc t s  in the 
r ang e of  1 0 3 and bandwid ths o f  a bout 1 0 0 MHz . S uch 
ded ica ted proc e s so r s  pe r fo rm f a s t  Fou r ie r  t r ansfo rm ( FFT) 
ope r a t ions , and they the r e f o r e  mu st p r ov ide approx imately 
1 0 1 0  a r i t hme t ic ope r at ions pe r second . The vo lume and 
powe r consump t i o n  o f  such processo r s  f abr icated w i t h  
s i l icon technology i s  s u bstant i a l .  

I n  c e r ta i n  i n s ta nce s a n  a l te r nate approac h  c a n  be 
u sed f o r  t he d i r ec t c o r r e l a t i o n  o f  o ne s ig nal w i th anothe r .  
Fo r example , an o rd i na ry d iode mixe r w i l l  provide the d e ­
s i red c o r r e l a t ion o f  two i np u t s  wheneve r t h e  s ig na l s  a re 
i n  t ime sy nchron i sm .  usually t he ar r i val t ime o f  the i n­
com i ng s ig nal i s  no t k nown w i th adequate p r ec i s ion,  and 
othe r ana lo9 me thod s have bee n  devi sed f o r  suc h s i tu a ­
t ions . The se me thod s a r e  r e a l i zed i n  s i l icon CCD t echnol­
og y for  bandw id t h s  to approx imate ly 20  MHz ,  in  SAW tec h ­
nolog y  to 2 0 0  MHz , and i n  aco u s toopt ic techno logy to 2 GHz . 
The se de vice s af f o rd cons ide r able sav i ng s i n  powe r and 
vo lume ove r  c u r r ently ava i lable d ig i tal technology , and 
they a r e  emp loyed wheneve r the s e  sav i ng s  a r e  c r i t ic a l  f o r  
a sys tem .  

I n  the c om i ng decade , sys tems w i ll be developed t hat 
need c o r r e lato r s  w i th bandw i d t h s  to 10 GHz that are capable 
o f  hand l i ng s ig nals w i th t ime - oandwidth p r oducts in excess 
o f 1 0 3 . s uc h  sy stems i nc lude spacebo r ne i mag i ng r adar s ,  
low-probabi l i ty -o f - i nte rcep t  ( LP I )  and cove r t  spread- spec ­
t r um communica t ion c hanne l s ,  L P I  r adar systems , a nd i nte r ­
cep t  rec e i ve r s  fo r the detec t io n  and ident if icat i o n  of 
such s i g nals . Opt ical tec hn i que s c anno t be extended i nto 
th i s  pa r ame te r  r a ng e  Decause of f undamental l im i t s  i n  
acoustooptic mate r i a l s  and i n  sem icond uctor  pho tode tec­
tor s .  The r e fo r e , a new techno log y  i s  requ i red tha t w i l l  
provide the means to r e ach bandw id ths t o  1 0  GHz . The mo st 
prom i s i ng appr oac h is  based o n  s upe rco nd uc t i ve technolog y , 
par t ic u lar ly those i n  which t r ansm i s s ion l i ne s ,  S IS mixe r s ,  
and Jo sephson j unc t i o n  de v ic e s  a r e  employed . 

b .  D ig i tal S ig nal Proc e ss i ng 

I n  sec t ions I I ,  D and E ,  i t  wa s s hown tha t w i t h  supe r ­
cond uc t i ve devices i t  i s  poss i ble t o  d o  A/D c o nve r s i on and 
dig i ta l  p r oce s s i ng at  g ig a he r t z  r a te s .  Tne r e  i s  i nc r ea s ­
i ng empha s i s  o n  d ig i tal sy stems f o r  many k i nd s  o f  s ig nal 
proc e s s i ng because o f  the u n i que ve r sat i l i ty provided oy 
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hav i ng the data stored and ava i lable f o r  cont inued man ip­
u lat ion . F i g u r e  2 shows a numbe r o f  f unc t ions that c an be 
pe r f o rmed , i nc lud i ng f i l te r i ng ,  convolvi ng , and cor rela t ­
i ng .  The ava i labi l i ty o f  A/Ds , log ic ,  a nd memo ry t h a t  can 
f unc t i o n  a t  g ig ahe r t z  r a te s  lead s to i nc r e a sed sy s tem band­
w idth and , t he r e f o r e , i nf o rmat i on-hand l i ng r ate s .  Th i s  
could be i n  a s i ng le -c hanne l sy stem o r  i n  a n  imag e proce s ­
s o r  whe r e  one A/D would b e  needed f o r  e ach p ic t u r e  e leme nt 
( see sec t ion v, a ,  4 ) . Hav i ng the c apab i l i ty t o  do h i g h ­
leve l  proc e s s i ng bef o r e  leav i ng t h e  c ryog e n ic e nv i r o nment 
wou ld lowe r t he data rate a nd lessen the lo s s  o f  i nfo rma­
t i on c r eated by g o i ng t o  r oom- tempe r a t u r e  semiconduc to r 
e lec t ronic s .  

3 .  Appl icat i ons o f  S e ns i t i ve ,  W ideband Rece i ve r s  

The pe r f o rmanc e o f  m i l l ime te r -wave r ece i ve r s  based o n  sem i ­
conduc tor tec hno log i e s  deg r ades a s  t he s ig nal f r equency i s  
r a i sed a bove 3 0  GHz and i s  no t ic eably i nadequate f o r  pe r ­
c e i ved appl icat ions a t  h ig he r  f r equenc i e s .  Fo r example , 
a t  the h i g h  end o f  tne micr owave reg i o n , semicond uc t o r  
rece i ve r s  ope r a t i ng i n  t he 1 8 - 2 6  GHz f r equency band c an 
exh i b i t  no i se tempe r a t u r e s o f  abo u t  3 5 0  K ( NF = 3 . 4 dB ) . 
Howeve r ,  a t  1 1 5  GHz , room- t empe r a t u r e  semiconduc tor  t ech­
no log y c a n  p r od uc e  rece i ve r s  with no i s e  tempe r a t u r e s  i n 
the r ang e of 1 5 0 0 - 2 0 0 0  K .  Eve n h ig h e r  value s a re o bta i ned 
at st i l l  h ig he r  f requenc i e s .  The se value s a r e  no t iceably 
h ig he r  than a nte nna no i se tempe r a t u r e s  e ncount e red i n  most 
appl icat ions . Improved pe r f o rmanc e c a n  be ach i e ved by 
c oo l i ng t he se r ece i ve r s  to c ryoge nic t empe r a t u r e s : opt i ­
mal ly de s i g ned r ece i ve r s  employ i ng d i sc r et e  compone nt s ,  
and ope r a t i ng a t  tempe r a t u r e s  be low 1 5  K c a n  have noi se 
tempe r a t u r e s  as low as � 0 0  K .  Howeve r ,  supe rconduc t i ve 
tec hno logy c a n  y i e ld no i se tempe r a t u r e s  be low 6 0  K and 
t h i s techno log y c a n  be implemented i n  a mono l i thic conf i g ­
u r a t ion that w i l l  be r e l i able a nd i nexpens i ve c ompa red 
w i t h  c ryog e n i c  sem icond uc to r equ ipment . The se ve ry - low­
no i se supe rcond uc t i ve r ec e i ve r s  ope r a t i ng i n  t he m i ll ime te r  
f r eque ncy reg ion can have a n  impac t o n  a numbe r o f  m i l i tary 
sy s tems , i nc lud i ng 9 4 -GHz c h i rped r ada r , m i ll imet e r -wave 
broad band communication l i n k s  fo r low-no i se - tempe r a t u r e  
a tmo sphe r ic p r opag a t ion p a t h s  s uc h  a s  g r ound - t o - s a te l l i te 
and a i rc r a f t - t o - a i rcraf t/sate l l i te , oroadband e lec t r o n i c ­
wa r f a r e  r ece i ve r s ,  m i ll imete r -wave imag i ng r ada r s ,  9 4 -GHz 
ant i r ad i a t ion m i s s i le techn i que s i nc l ud i ng dual -wave leng t h 
sy stems ( m i l l ime t e r  and I R ) , 9 4 -GHz space-obj ec t - ident i f i ­
cat i o n  sy s tems , and sy nthe t ic -ape r t u r e sate l l i t e  r ada r .  

A spec i f ic sy stem that c o u ld have shor t - t e rm p ayof f  
wo uld be a low-p robab i l i ty -o f - i nte rcept r ada r . The sy stem 
can be cheaply bu i l t  to t r ansm i t  s ig na l s  whose p u l se - to-
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pulse cohe rence i s  neg l ig i ble ( i . e . , no i s e )  bu t whose 
bandwidth i s  apprec iable . Re t u r n  ec hoe s c a r ry t he t r ans­
m i t te r  spec t r um mod i f i ed by the ta rg e t  charac te r i s t ic s  and 
poss i bly by t a rg e t  ECM . In o rd e r  to d i sc r iminate among 
va r ious t a rg e t  s ig natu re s ,  i t  i s  proposed to use c o r r e l a ­
t i on proce s s i ng techn i que s .  Bec ause t he t r ansm i t t e r  
spec t r um va r i e s  randomly , an  adapt i ve prog rammable f i l te r  
i s  needed . To pe rform t h i s  f unc t ion e f fec t i ve ly requ i re s  
r ap id s ig nal d ig i t i z i ng i n  real  t ime and s ig na l  proc e s s ­
i ng .  To improve r adar  sy stem pe r f o rmance w i l l  requ i r e  
tha t a mod i f ic a t i o n  be made to r ada r transm i t te r s  to g ive 
them a no i se - l i ke s ig nal spr e ad o ve r  about 2 50 MHz o f  
bandw idth . Th i s  s ig na l ,  whe n sampled and s to red , bec ome s 
the bas i s  o f  a c o he r e nt sy stem f e at u r i ng reduced p r o babil­
i ty o f  i nte rcep t and improved rang e  r e solut ion . No c u r ­
r e nt r oom- tempe r a t u r e  techno logy c a n  prov ide the 6 - 8  b i t  
reso l u t i o n  A/D conve r s i o n  a t  5 0 0  Msp s w i t h  the 2 50 -p s  h ig h ­
speed memo ry r e qu i red to d ig i t i ze a nd store t h e  pulse f o r  
subseque n t  proce s s i ng . Howeve r ,  th i s  tas k  i s  withi n the 
demonst r a ted g r asp of Jo seph son technology . 

4 .  Foc a l - Plane Ar r ay s  

S uperconduc t i ve e lec t r o n ic s  c a n  p lay an i mpo r t ant r o le i n  
connec t i o n  w i t h  semiconduc to r i nf rared imag i ng a r r ay s .  
The env i r onme nt i s  a l r e ady cryog e n ic , and the need f o r  
d a t a  proce s s i ng i s  e no rmo u s . I t  i s  d e s i red t o  conve r t  the 
s ig nal f r om e ach of the de tec to r  e lements i nto d ig i tal 
form be f o r e  leavi ng the c ryog e n i c  envi ronme n t  to avo id 
s ig na l  deg r adat ion . Th i s  r e qu i r e s  a prod igo u s  numbe r of 
A/D conve r te r s  ope r at i ng in the c ryog e n i c  environment . 
Powe r d i s s ipat ion wo uld be a problem i f  t h i s  we re d one 
wi th semico nd uc to r A/D conve r ter s ,  bu t the supe rconduc t i ve 
device s ,  p a r t icular ly t ho se that c an g i ve h igh acc u r acy a t  
mod e r a te ly h i g h  speed s ,  �ould b e  o f  g r e a t  impo rtanc e  i n  
th i s  app l ic a t i o n .  I n  add i t ion to A/D conve r s ion f o r  e ach 
detec t o r  e leme n t , some leve l o f  d ig i ta l  proce s s i ng wo uld 
be requ i red to r educe t he numbe r of  l i ne s  be tween the 
c ryog e n ic and r oom- tempe r a t u r e  e nv i ronme nt s .  One poss i ­
bi l i ty would be a mu lt iplexe r , but t he ex i stence o f  a 
we l l -deve loped f am i ly o f  d ig i t a l  log ic and memo ry c i rc u i t s  
i n  s upe rcond uc t i ve e lec t r o n ic s wo u ld a l so make pos s i ble 
mo r e  extens i ve proce s s i ng of the imag e data bef o r e  leav i ng 
the c ryog e n i c  e nv i ronme nt .  

Po s s i bi l i t ie s  a l so ex i st f o r  a n  analogous m i ll ime t e r ­
wave f oc a l -plane a r r ay u s i ng supe rc ond uc t i ve S IS d e tec to � s .  
The r ange l imi tat ions o f  c u r rent m i l l imeter -wave i mag i ng 
sy stems a r e  impo sed by the r e sol u t i o n  o f  the sy s t em and 
not by the a ttenuat ion of t he a tmo sphe re . I t  i s ,  t he r e ­
f o r e , po s s i ble to g o  to h ig he r  f r eque nc i e s  to impr ove 
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r e so l u t i o n  unt i l  the l im i t i ng f ac to r  i s  the atmosphe re . 
Th i s  c ro s sove r  occ u r s  i n  t he spec t r a l  r eg ion of 3 2 0 - 3 4 0  
GHz . Re sea rc h i s  i n  prog re s s  a imed at  u s i ng f oc a l -plane 
a r r ay s  of  s upe rc onduc t i ve SIS de tec to r s  f o r  t h i s  p u rpose . 
The same A/D conve rte r and d ig i t a l  processo r need s ex i st 
i n  thi s c a se and could be p r ov ided by supe rc onduc t i ve 
device s .  
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VI . RECOMMENDAT IONS 

In th i s  sec t ion v i ews a r e  g i ven on the areas deserving o f  
suppo r t ,  w i t h  an  at temp t  t o  i nd icate wh ich a r e  the mos t  
promi s i ng and impo r tant . I t  i s  e a s i e r  t o  be c e r t a i n  abou t 
the de s i r ab i l i ty o f  push i ng le s s  complex application s 1 the 
g reater  the complex i ty of a pr oposed sy stem t he g reater 
the numbe r o f  unc e r t a i nt i e s  i nvolved in ma k i ng compa r i sons 
be tween techno log i e s .  The r i s k s  become g reater  f o r  mo re 
complex appl ic at ions , no t only bec ause the i nve stment i s  
larg e r  bu t a l so bec ause the compe t i t ion w i th o the r 
techno log i e s  i s  ha rde r to a s se s s  acc u rate ly . 

A .  MAGNETIC ANOMALY DETECTION AND ELF COMMUN ICATIONS 

The inhe r e n t  se ns i t i v i ty o f  S QU ID mag ne tome te r s  and 
g r ad iome te r s  i n  Navy ASW , AMW , a nd ELF commun icat ions 
sy s tems is so g re a t  and the impo rtanc e  t o  defense so 
c r i t ic a l  that the wo r k  s hould be c ont i nued vigorously .  
Emphas i s  shou ld be plac ed o n  the follow i ng po i nt s : 

1 .  Cont i nue to i mprove the p e r f o rmance c apabi l i t ie s  
o f  c u r rent-gene r a t i o n  SQU I D  sy s tems w i t h  emphas i s  on 
unde r stand i ng and m i n im i z i ng low- f r equency no i se sourc e s  
and imp leme nt i ng t h e  u s e  o f  t he se sy s tems f rom mobi le 
plat f o rms . 

2 .  Deve lop t h i n- f i lm i n teg r ated SQU ID sy stems , bo th 
analog and d ig i ta l , employ i ng a s  muc h supe rconduc t i ve c i r ­
c u i t ry a s  f e a s i ble t o  improve r e l iabi l i ty ,  RF I immun i ty , 
and e nhanced dy namic r a ng e . 

3 .  I n te r f ace SQU ID systems w i th c lo sed-cycle c ryo­
coole r s  to p r oduc e  a sel f -conta i ned sy stem s u i table for 
f leet deployment . 

B .  BROADBAND S IGNAL PROCES S I NG 

Supe rcond uc t i ve devices a r e  a va i lable to i nc r e ase t he 
s ig na l -proce s s i ng speed o f  Na vy systems by s ig n i f icant 
amounts e i the r in analog or d ig i ta l  f o rm .  I nc r e a sed so­
ph i s t icat ion o f  we apon ry requ i r e s  eve r - i nc r ea s i ng s ig na l  
hand l i ng c apac i ty o f  r adar a nd c ommun icat ions systems . 
Orde r -o f -mag n i t ude improveme n t s  can be achieved wi th 
supe rcond uc t i ve device s c ompa r ed w i th pr esent technology , 
i n  some case s .  I t  i s  j udg ed to be s t rong ly i n  the 
nat ional i nte r e s t  to p u r sue a venue s of r e se a rc h  a nd 
deve lopme nt i n  supe rconduc t i ve s ig na l  proc es s i ng . 

I n  view o f  the need f o r  c ompac t , ve ry w i deband c o r ­
relato r s  f o r  m i l ita ry sy stems i n  t h e  comi ng decade , i t  i s  
rec omme nded that s uperconduc t i ve a na log c o r r e lato r s  be 
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s t r ong ly suppo r ted , i nc l ud i ng the deve lopme n t  o f  memo ry 
cor r e lato r s  a nd a l te r nate approac he s to t ime - i nteg r a t i ng 
cor r e la to r s .  The devic e s  a r e  l i ke l y  to be qu i t e  compac t 
and to d i ss ipate a neg l ig i ble amount o f  powe r . The i r  
r e a l i zat ion i n  h ig h- Tc mate r i a l s  s hould perm i t  t he u se 
o f  compac t r e f r ig e r ator s ,  and t he appropr i a t e  mate r ia l s  
e f f o r t  should be s uppo rted . 

Fo r broadband d ig i tal p r ocess i ng , t he Jo seph so n A/D 
conve r te r s  and log ic and memo ry appea r  to be the fastest 
ava i lable . The compe t i t i on w i th HEMT a t  7 7  K i s  not c lear , 
w i t h  many probl ems o f  o f f -c h i p  t r ansm i s s i o n  and manuf ac tu r ­
a bi l i ty f o r  HEMT a s  ye t not so l ved . I t  i s  t he j udgment o f  · 
the Ta s k  Group tha t w i t h  bot h  technolog i e s  i n  a n  e a r ly 
state of  developme nt ( w i th some o f  t he sy stems p r oblems 
a l r e ady solved fo r the Jo sephso n techno log y )  , seve r a l  
yea r s  of r e search and deve lopment wi ll b e  r equ i red be fore  
it  is  c le a r  wh ich role s the two technolog i e s  will  play . 
I t  would be impr udent to do o t he r  than t o  s uppo rt v ig o r ­
o usly bo t h  the Jo sephson and HEMT techno log i e s a t  t h i s 
t ime .  Fo r t he Jo seph son wo r k  th i s  i nc lude s A/D c onve r s ion 
bo t h  o f  the n i g he s t  speed f la s h  type and the somewhat 
s lowe r ,  mo r e  acc u r ate , count i ng type , which may f i nd i t s 
use i n  foc a l -plane a r ray s  and mag ne tome te r s .  I t  a l so 
i nc l ud e s  log ic and memo ry d e ve lopment , a i med a t  l a rg e r  
subsy stems f o r  spec i f ically ta rge ted Navy sy s tems . 

C .  M I LL IMETER-WAVE RECE IVER FRONT END 

Fo r a numbe r of  reasons i nc lud i ng i nc r eased c ommunic a t i o n  
bandw id th , g reate r spat ial r e solut ion,  a nd smal ler  antenna 
s i ze ,  the r ang e of f requenc ie s f r om 30 t o  3 0 0  GHz is o f  
i nc r e a s i ng i nte r e s t  to the Navy . I n  sec t ion v ,  B ,  we 
d i sc u ssed the oppo rtuni t i e s  a f f o rded by supe rconduc t i ve 
tec hno log y to make r ece i ve r s  w i th t he lowe st pos s i ble 
no i se tempe r a t u r e s u s i ng. a combi nat i o n  of S IS mixe r s  and 
s upe rcond uc t i ve ,  vol tag e - t uned , loc a l  o sc i l lato r s  a nd IF 
ampl i f i e r s .  I t  appe a r s to be po s s i bl e  to ma ke suc h  a 
rece i ve r  o n  a s i ng le c h ip .  S uc h  a n  accomp l i s hment wo uld 
be o f  g re a t  impo r tanc e  to Navy sy s tems wo r k i ng i n  thi s 
f requency r ang e e spec i a l ly f o r  c ommun i c a t i o n  l i nk s  no t 
domi nated by atmo sphe r i c no i se . Whe r e  suc h sy stems a r e  t o  
be deve loped , t h e  Jo sephson appr oach s ho u ld b e  p r omo ted . 

D .  SUPERCONDUCT I VE  DEVICE DEVELOPMENT 

I t  wa s po i nted o u t  i n  sec t ion I I I ,  c ,  that i n  sp i t e  o f  tne 
advantag e o u s  feature s of the Jo sephson J Unc t i o n ,  it a l s o  
h a s  d i sadvantag e s  of  be i ng a t wo - t e rm i nal d e v i c e  a nd 
hav i ng low g a i n  whe n used i n  d ig i ta l  c i rc u i t s .  
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Re search d i rected towa r d  the deve lopme n t  o f  a high­
speed , m i l l i volt- leve l ,  c ryogenic t r a ns i s to r  s hould be 
ac t ive ly pur sued . Th i s  i s  a ba s i c  resea rch effo r t  and 
shou ld be wide rang i ng i n  scope . But i t  s hould a lso be 
suff ic iently t ig ht ly d i rec t ed tha t the e f fo r t  i s  cente red 
on device concepts that have some p r om i se o f  d e l i ve r i ng 
the ve ry- h ig h-pe rfo rmance f eat u r e s  tha t  a compet i t i ve 
c ryogenic t r an s i stor must have . Re searc h  a nd deve lopment 
e f f o r t s  a imed a t  i nte rfac i ng Josephso n dev ice s  and c i r ­
c u i ts w i th cooled semiconduc to r c i rc u i t s  s hould a l so be 
ac t i ve ly pur sued . 

E .  REFRIGERATION 

Re l i a ble and e f f ic ient c ryog en i c  sy stems a re c r uc i a l  i f  
supe rconduc t i ve e lec tronic sy s tems a r e  t o  be int roduced 
i nto ope rat ional sy stems . The refore , t he deve lopment o f  
suc h sy stems m u s t  be enco u r ag ed and agg r e s s i ve ly p u r s ued . 
Pa r t icula r emphas i s  must a lso be placed on the i nteg r a t ion 
of  the e lec t ronic pac kag e  and the c ryogenic enc lo s u r e  to 
p r oduce an opt imally d e s i g ned subsy stem or system .  

F .  RECOMMENDATION FOR A FABRICATION FAC I LITY 

Mo st of the app l i c a t i ons d e sc r i bed above c an be f abr icated 
in ex i s t i ng or deve lop i ng fac i l i t i e s  at a numbe r of inst i ­
t u t i ons a round the country . Va r i ou s ve r s ions o f  the s uc ­
cessf u l  Pb-alloy and Nb- Pb-al loy technolog i e s  have bee n  
e staol i shed i n  seve r a l  s i te s  and a r e  be i ng e f fec t i ve ly 
employed a t  the de vice and sma l l -c i rc u i t  leve l .  At trac-
t i ve all - r e f r ac to ry mate r i als sy stem s have been deve loped 
and demons t rated , ag a i n  at t he device and small-scale 
c i rc u i t  leve l .  Sma l l  log ic a nd A/D c i rc u i ts a re be i ng 
produced and successf u l ly  tested i n  seve r a l  labo r ato r ie s ,  
w i th t he prog r ams a t  the Un i ve r s i ty o f  Ca l i f o r n i a ,  Be r ke ­
ley , and the Na t iona l Bureau o f  S tanda rd s  ( NBS ) be i ng the 
be st examples of  s uc h  e f f o r t s .  The NBS p r og r am has been 
pa r t icula r ly e f f ec t i ve i n  promo t i ng i nte re s t  in the Joseph­
son techno logy as a result of  the i r  open-d oo r g uest-wo r ke r  
pol icy . A numbe r o f  wo r ke r s  i n  the senso r a r e a  have made 
e f f ec t i ve u se of the NBS f ac i l i ty ,  a nd seve ral e lec t r on ic s  
compan ies have had the i r  inte r e s t  i n  d ig i t a l  Joseph son 
techno logy i n i t i ated by wo r k i ng v i s i t s of t he i r  s t a f f  mem­
be r s  to NBS . The ma intenanc e and streng then i ng of the 
ong o i ng e f f o r t s  i n  supe rconduc t ive e lec t r o n i c s  at t he 
ma te r i a l s , device , and sma l l -c i rc u i t  leve l i s  e s sent ial . 

Fo r t he pu rpose o f  demons t r a t i ng the f e as i bi l i ty of  
Jo sephson techno log y the recent IBM e f f o r t  wa s h ighly 
succe ssf ul .  The c apabi l i t i e s  o f  l a rg e - scale i nteg r ated 
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· Jo sephson c i rc u i t s  ( 10 0 0  g a te s  o f  log ic and 1 kbi t RAM 
ch ips)  we re impre s s i ve ly demons t r a ted , and t he manufac t u r ­
abi l i ty o f  stable Josephso n ICs by a d i sc ip l i ned fabr ic a­
t ion l i ne has now become an e stabl i s hed f ac t .  Th i s  c apa­
bi l i ty wou ld have bee n  suf f ic ient to mee t the requ i rements 
of many Navy appl icat ions . Howeve r ,  the development of 
Jo sephso n techno logy ha s bee n  cons ide r ably h i nde red by the 
lac k of access by c i rc u i t  d e s i g ne r s  o u t s ide of IBM to a 
stable proc e s s  capable o f  produc i ng c i rc u i t s  a t  the 1 0 0 -
g at e -p l u s  leve l ,  w i th a y i e ld s uf f ic ient to t e s t  c i rc u i t  
de s ig n s and , e ventua l ly , t o  provide a sy stems -leve l  demon­
s t r a t ion o f  the f eas i bi l i ty o f  spec i a l -purpose Jo sephson 
c i rc u i t ry ( i nteg r a ted senso r sy s tems , s ig na l  processor s ) . 
Thi s  problem i s  now c r i t ic a l  to the s u r vi val o f  Jo sephson 
techno log y  in the Un i ted S tate s .  

The re f o r e , the Ta s k  Group r ecommends t hat a Jo sephson 
f abr icat ion f ac i l i ty be e stabli shed to assure acce s s  to 
the hundreds-o f -g ate s c apab i l i ty as soon as poss i ble . The 
f ac i l i ty wou ld be ope n to a l l  i ndus tr i a l , gove r nmenta l ,  and 
u n i ve r s i ty r e se a rche r s  i nt e r e sted i n  Jo sephson t echnolog y . 
I ts ma j o r  role wou ld be to prod uc e  d ig i t a l  c i rc u i t s  unde r a 
f ixed set  o f  de s ig n  r ule s .  I BM has demons t r a ted s uc h  r ules 
to be s u i table f o r  ve ry -hig h-pe r f o rmanc e  analog app l i c a ­
t i ons a s  we l l .  I t  would b e  open to sc ient i s t s  and e ng i­
nee r s  wo r k i ng i n  dev ic e  developme n t  and phy s ic s  expe r ime n t s  
ba sed on Jo sephson techno logy . The se exp e r iments wou ld be 
fo rmu lated unde r the same se t of de s ig n  r u le s .  Suc h a mod e 
of ope r at ion , wh i le appea r i ng r e s t r i c t i ve to sc i ent i s t s ,  
h a s  proven t o  b e  h ig hly s ucce s sf u l  i n  the sc ient i f ic c h i p  
p ro j ec t s  a t  I BM .  

I t  i s  s t r ong ly be l ie ved that s uch a f ac i l i ty would 
mee t bo th a DoD and nat iona l need . I t  sho u ld be po i nted 
out that se ve r al f ac i l i t i e s  o f  comparable c apab i l i ty ex i s t  
i n  Japan . 

I n  o rde r to f abr icate s t r uc tu r e s  a t  the 1 0 0-g ate 
leve l o f  comp lex i ty ,  a prope r ly s i zed and staf f ed fac i l i ty 
i s  r e qu i red . I t  would requ i re app r ox imately 1 0 - 1 2  people 
to prope r ly ma i nta i n  and ope rate the equ ipme n t  and to p r o ­
duce Jo sephson j unct i on st r uc t u r e s  f o r  u se by t he r equest­
o r s .  The equ ipment ded ica ted to the fabr icat ion wou ld 
c o s t  approx imate ly $ 2 . 0 m i l l i o n .  I n  add i t ion,  t h i s  
a s s ume s acc e s s  t o  the requ i red ma s k  ma k i ng and l i thog r aphy 
and suppo r t  on the o rde r o f  $ 1  m i ll ion to $ 1 . 5 m i l l ion/year  
would have to be  supp l i ed fo r a 5 -yea r pe r iod . 
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APPENDI X  A 

TERMS OF REFERENCE 

Ta s k  Gr oup on Supe rcond uc t i ve Electronics 
( Naval S tud ie s  Boa rd)  

The O f f ice of  Naval Re search has been a lead i ng g ov­
e r nme nt sponso r in f undamenta l supe rcond uc t i vi ty rese a rc h  
f o r  many yea r s ,  and t h i s  i nve s tme nt h a s  made c ons ide rable 
prog r e s s  in u l t rasens i t i ve mag ne t ic senso r s ,  m i l l ime te r ­
wave and I R  de tec t o r s ,  A/D c o nve r te r s ,  a nd quantum- l imi ted 
mixe r s .  The recent IBM manag eme n t  dec i s io n  to reduce i t s  
e f f o r t s  to a re searc h mode r a i se s  que s t i ons about the v i a­
b i l i ty and u l t imate u t i l i ty of supe rconduc t i ve e lec tronics 
technology . It  is  impo r tant to a sse s s  the t e rm i nation o f  
the IBM l a rg e - scale , g e ne r a l -pu rpose compute r deve lopment 
p r o j e c t  i n  te rms o f  i ts impl icat ions o f  the Navy ' s  cont in­
ued suppo r t  o f  r e se a r c h  and developme n t  prog rams in supe r ­
conduc t i v i ty .  

The study w i l l : 

1 .  Re v i ew i n  deta i l  the ve ry maj o r  acc ompl i s hments 
of t he I BM ef fo r t s  and asse s s  the f ac to r s  that 
c a u sed IBM to te rm i nate the ma i nf r ame develop­
men t  prog ram .  

2 .  As se ss the f ut u r e  v i ab i l i ty o f  s upe rc onduc t i ve 
e lec tronic s  ve r s u s  semiconduc tor  e lec t ron ic s 
( room tempe rature a nd cooled )  i n  t e rms o f  c i r ­

c u i t s  and sy stems o f  pote nt i a l  f u t u r e  use to the 
f lee t .  

3 .  Recommend the d i r ec t i ons that p r e se nt and f ut u r e  
Navy ba s i c  and appl ied prog r ams i n  supe rconduc ­
t i ve mate r i al s ,  devic e s ,  and systems s hould ta ke . 
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