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F o r  r h c , r 1 r \ l . r  c r r \ r . r c f u J .  c l c . t f r c . r c . ? y  r l u . i i - r u n s .  . , i , , i r l .  J ; r . L " i r r i t J  i , ,  r
u { 1 1 , 1  f , r r f i , ) t  e r ( r J y  5 y  c o n r b , , r , n S  I i r L \ .  l u r t r r . r t t o n '  \ , t h  r h t ) \ c  I r , . n r  - , , ' , r r : , i L ! r r  r ( \ , \ ' r ! (  , r r . , r . . r . , i  r t
J i : . , rh{ t  tc$icnturc.  T 'nc 1y! t rm !c l ! . id  i ) r  (hc JomfutL!  r6ul l :  us.5 is i )  . \ l tc  , . . rc  d l . rJc modLi \ .

crch ,n ron(.ct  * r th i  h! : r t  .6. raorr .  is  (hc r . \ rs : )ve r iJ l .n\ ls .  T l r t  r !_ur l rng . . \ l r f i .d currcnl  , !

cr lculatcd by Jc.rv,ng r  m5scr L:qu(ron ; r t rn[  (hc p.o.rh( l t ty  oa urs i rL lc c] ! r : t ron jumf\  . rcr , ' \ r  ' i ,c

f|)tc:1li.il b:r.ncr of th€ diod6- From lh!! thc ctlicrcn;y r: .omp!1.,1 oa ll,c .lrrat nowtr .,r'v(^& o of

tl[rmal to cl.iclnc cn6gy rnd ot' cldtnc to thcrnr:rl cncrEy 15 a runcrion ni lhc outtur or Lf,tiur

eol t :gr  of  th.  sysrcm. Tlrec. .sut t !  for  thc c&rmpl6 l rc in:gr . rnr(Al  wrrh l lu(ru:r ton rh! 'o.y. t rd

lhov thar:he convcnroa cticicncy incr.ll3.5 thc rr{cm !r.€ cLctcrsd !o i:13i,: ti. llu.lualloc

cncrgy 3 sr8nricldt irl.rlon of lhc toEl cfl.rgy. TtG r.sult 3l$ 5hot, lhJl lh.r,,: :.ic no th.!rclr.:;

limits oo thc rs'umci .nodd in rppro.chin8 thc clfrcicncy liftlt !ion3 of :hc Crrno( cyc!.. Fiiill}, tlc

lmrtrtion on rhc iv.rLblc fl!.tu,l(ion ?owc! thrt could bc p.ovrdcJ fro'i a unrt rru oi r r6.!ir!. riii:]

!o rn :ss.mbbgc of lln3il circuiB v1r co[tidc(ed. li e.5 J.rcrinrn._d thll rf.ri ".ry irgh :i.ir(.1:Jn .rs

of rh. ord.r of l0' W,/ror. T1lr indrcrt.d !b. tot(ntd rh.t. ri rh. mru1.r rrd iJbnc-lron ,.oblc-r
could b. tolvcd. Ihii l.chriqu. c.uld yEld pnclic.l emoun{t of pow.r.r hrln itfic;cnc:e o'cr I ",cc
rlngc of (cmp€larurci,

INTRODUCTION

The l lqctuations of the encrgy of 3 system that

is in therdal equj, l . ibr iui |1 with a heat leservoir

ha.s been eKle!:siveiy anai:Jzcd theo.eticai ly and ob-

!e., .ed ex'pe r i  me ntai ly. The pleseDt papcf reports
a process by which the cnergy o( the f luctustlons
about the .nean eneagy can be converted to a use-
ful lorm cf e:1er;/  or :an bc uscd rn a :3!r:--aia-

Iton cycle. The theoiei lcal irerhod io be uscd in a
stsdy oi this conversion lrcccss is based cn the

concep ts  c (  s ta t i s t t ca i  n r cc ian rcs .  T l i c se  conccg ts

ale.:seful in r.nalyzing ( ie behavr,o. of systems Io.
shich the energy of th! l luctuations about lhe rnean
lie a si3ni l ica.t fr f ,ct ion of the lotal ener37. For
ihls lnvestigatlon, a physical 6odcl pas chosen
lor erhich the l luctuation cncrgy is obscrycd ls
electr ic cne.Ey f luctultrons in r resisl lvc matcri i r l
o. i tcross :t  potentl ;r l  bi lr ' t icr.  Thls nuctuation
cncrgy Ls convcrtcd to uscful dircct p()wcr Uy im-

I)resEing thc volt :rgc l luctuart ions : lcross ir  nonl!n-
cf,r rcststor that ls m:rlnt:r iDcd 1! ;r  dif(crcnt tcn)-
Peri,tutc.

Th l s  concc ; : t  i s  c l ose i y  r c l i l t . d  l o  t hc , r l dc .  con -
ccl l t  ol  usinE thcrmionic ct l l issron to conrcrt thcr_
. r l l  t o  c l ca ta rc  eneagy .  S i , l c c  t he  co . r ccp t  o (  t hc
the r i n l on l c  ene rgy  codvc r i e r  was  f i t s t  s r i x ; cs l ed
in  191 ! , '  nuch  c rea t i yc  resea rch  has  been  repo r i -
ed cn tccl, :r iqucs far i icrcasing ihc ei l ic icncy oI the
thermionic cnc.gy convctsion process,r ' t  Pre-
l l lDlnary hconclusive c\perlmcnlal lnd t ieo.e! icxl

rrork on thc concL.:r!  of i :re p!esanc o.r ica ., . .- i  , : .r- ' : -

ed in 194? 1t tLc R:idi l t ioi  Labo..r ior j '  , l :  i , rJ f , ' , - .r-

versity oi C:r l i io.nir.  Tle ihcorct i : . . i  . , , , i ; ' .  ie:. :

based  on  rhc  \ ; qu t s i  t l eo re i l l -  i ca ; . r : : ' l ' : - : - . 1 :  : - :
no i se  po rve r  l r o : i ' .  i 5e  l i ne r r  r e . i i ad  i r sL - : : . _e : - - . : -
tc! ia, l ,  and a donl l :1e1a dicCe fnc i :9 aesr:: !s ' : l ' . 'a

|.1ghe! conversion ef j iciencies thtr; :  i : re C:i : . . :  c:,  -

cles Ioa ceri :1:r l i rni l l i : j  c: i"es i i5 i .r ! :e :-. . lal
sizes Cccrelsci.  i l  \ ' . ' : rs nccesi.r i !  t ,)  ha: 'c ,1
hea lLhv  Skc i ) t i c i s i : 1  a : r ' Ju :  i he  resu , i .  : ' j ;  i : e i e  . : i 1 -
l n i g  c ,1s i5  - i l . : .  c - r :  - (  o i : ( ec ,  ) ) i  : . . .  .  c  c  , : . . . . .  : l
. ^ F . r ' i - r i  a r <  t . d , r y - p r i - J - r r r  - , . s  - - .  j .

AI t c r  l i : c  : vo : l  o l  v l n  { r n l Jc i i  o : i  r - : i i l l  . , , . . : ' r  J i -
ma l  f l uc t . Ja l i o i s  i r  d :oc jes r_  '  i t  . " . : s  1o : . . , : .  :  ,

r se  h i s  r esu i : i  i o r  c :=p . : r : : : g  t i l c  c  i . _ . v ! r . . - : .  e . . : -

c i e :1c : /  o I  l h i t  i J roccss  us i i g  a r  s i : i ; i a r  l . . r ( aa l .  a  r
t hc  moCe l  ch  : . : : l  r t  xas  l ou rd  ! : : . . :  i . . J  c '  i i ! ' i : . . : i
e { I i c i c i cy  w i s  l i r [ t cd  t o  l h !  C . i r ; . , i  . ' i : i i . . ' : : : : r s . r - . : :

S ihcc  t l l ca  : r d ( i i a i . n r ; r i  l hco rc l i c x l  . r i , i , ' \ i ) .  i i i : . : l : i .
wo rk  on  t hc  t l i c :  r t l ( , d )n : l n r i cs  o I  ( l : ! .  r : , ' | : I I  : , ' . , r ' . L '

i n  d i odcs  h i l s  l ) ( ' cn  r cp r ' r t c . 1 ,  ' r  l r r r i  . i r u  i ' : , , i i , .
Lc.Ive opcn thc qucsl i( , |r  ,) f  t l lL '  xl) l) i rcrt l i ( ,r :  , ' l  i l rc
hws  o (  t hc r r  ( ' . l yn . l n l l c s  t o  l l r i s  c  , r ' ! (  r j l .  r  . , 4 .  . . . . - i
. nhen  sad : i l l  s ys i cn l s  l i : o  coDs ida ! c i . r .  S i r r  r .  i : , .  i ,
i 5  i l ow  l t n  i l i c i c i l s l d  i r l t e i cs t  l f l  | ' { ) \ \ '  .  _ r ) r ' r , i : !

i r . r duc l . . . :  J . : . _J j :  po \ r c r  i l cd  5L l l ce  re .a l ' t  : . . . . . .
i r lei ts ln nl; inul i lc iui ing techniqucs :-vc :): ' f i i i i5(a

tha t  i t  m ry  soo  j c  l ( ' : r s i b l c  t u  l l r o t : u : c  t : . . , '  us i i . i l

a i r i c roscop i c - s i l e  c r r cu i ! 5  l o r  t h i s  . ) ,  acess .  
' _1  i :

ca rn  now  b€  r scau :  t )  g " ! ve  t hc  : hc - r ( ' : . j x .  : t ' : u r : r
( o r  s iEp l c  r i oCe l s  o (  l h i s  p rocess  t h . i t  c : l n  0e  . . :  -

pared with erpcrtment:r l  results.

1 3  6 1



i

J O S  E  P  H

PSOS.\BILITY DISTR I I }UTIO){  FOR DIOOE
\ IOUCL

:: l  l le 1:t l : , 's{s of 1'an : i trnpen of noi l inct.  ther_
rnl i  i iat. i :r trons. i l )e dloCe mcdcl lnt.oduced bv
A : i ! 1 : lCc r r  ua i  uscd .  Fo r  t h l s  lCea l l t ed  d i cCe
nocct i t  is assun1d thal lhc electroo t.ansi l  t l$e
l r  i c : l l F l b l e  3nd  u ta t  t h€ re  l s  no  co r reh .uon  bc -
tnee:r L\c electrons chttcd (rorh the clectrode3
d di l ierent rnet.- l ls wlth dtffelcnt work func|ons-
l l  l !  elso r.ssunrcd that the tott l  dlodc syste!: l  ls
la 

"q{l l lbr iurn 
url lh 1 tefnpcrature bi l th. For L\ is

dri ic inoC.l,  the co.nputf,uon wil l  fol lo\r,  th. ap_
prFcS.sed by el i  lcrhpen to derlve f D.obab l t . ,
Cls' . :15ut:or based on ihe probsbi l . i ty of j lscrete

! lcct io:1 :u, 'nps across thc potcntlal barr ler o{ a
3i: ' : : .  AL\e:!: lCc CioCe. L' |  orCer to usc thls ao_
prc:c:1. bctS thc :esistr irce :rt  the hi3::ea te-pera_
fuia i ,  1i .d Lle rcrl :relr aeslst i tncc at the loc/er
tc:rF:at-rre f .  i : l  th. clreJtt sho,rrn ln Flg_ I el l l
b?  i c i r : se - : cd  bv  d loCes  n ,  anC  R .  r esp€c t l ve l y -
La : r : :  : i : e  : : su l t s  l o .  a  hodc l  ! , he .e  g ,  i . s  a  l l nea r
ns :< .a :  r r l l  f e  d !<cuss .C .  The  t q rm ina l s  t c l oss
uc ariar- i  rolt i res 7r lnd /,  tre the cutput power
ler: l : : ,als :or L\e circult  ln a dir€ct powea conver_

. Iac rrlues of U:e clrrents of the dlod.s arc de-|!rnta"d by L\a ?ork lunc{on3 ot t ic el.ctrod.3,
i le bai:e:? poleniial 14ross :l1e dlodes, :.rd tle
e=icr:.tu-.es ol the diodes. Usir,g tb. lubstih.rt ions

c . t ' / h T , c ,  j ,  c r / k T c c ,  K , A / c ,  ( 4 )
rnd:.tt ing

A . 8 c - ,  C . D . t - ,
lb.n

r . { C J e ) v ,  n - ( c J c ) v ,

C .  Y A T T R  
r l

s l on  n rcCc  o r  a re  t he  (n l r u t  p , rwe r  t c . r i t na l s  l ) r  t \ ^
c r r ; u i i  l n  t  C i . eC t  - e f i l 1c . : l : _ l ^n  rn . . j c .  T . r  r : , : . : , ) : t _
l ,  t : ^  nc (a r i - , ^ ,  l c :  C  : , c  : . r f  q j r  ^ l  t h .  C t , . . l , . j  c r : . r c_
i t : es  L ,  . nd  C -  t : tC  I a i  i ,  be  t j : e  su i : 1  ̂ . .  : 1 ,4  i ) : l : . , . r . . .
vo : t . r : . s  I  r  and  V ,  a rd  : : : e  con tac t  po : . c :1 . . !  C i1 : . : _
e i ce !  o (  L \ .  d l cdes .

The master clu. i  on for the probrbi l l ty dtst. lru-
tton /{.V) can be dcrlved at I  funclon of thc nu,n-
bcr of elccttons.V ln ciccss on thc up|er stdc ol
thc condcnser reprcscntlrg t lc toial cornblncd
cap.lci trnce C o{ t}e tu'o dlodes. / t  rnd C a.r thc
satuaatlon curients frorn the suaface! of the higle!
work lulrct lons a|1d B ancl D aae ! ' ]1e cl larents eTit-
ted lrom the sulf fce of lor,,cr vork lunctio!:s. The
clcetaon9 ln the 6 and , c,Jrrents have einissia:r
probabil j . t ies that a.e mcClf ied by th. ch1ng.s in
elect.ostauc eie.gles 19 give!r by the lol lowins
transruons:

( c - l ' 2c )  l i va  -  ( . v  -  r \ t ] - ( c . iC ) (N  - t ) ,  ( l )

( .z izc) [ (N.1) ,  -  r ,a  ]=(?, /c l (^r ,+ j ) .  e)

ls
fol lo*lrg van Kampe:i,  lJre master equauon

!o thz.t

V .  (c /C) ( r^  ' ^ ) ,

thc m:.5tcr equa oo becoate3

1 APfi}
; ;; 

'K4v. t) *K cxp[_ o(ir _ I . 't)p(.v _ t )

-KPr.V) - K crpl- o(v.l .r)]P/,.9

+ P ( X -  1 ) . c r p L l r y  - l  - , a ) 1 P N , r )

- ff.v) - cxpfj(Y - j -a)lRr). (6)

Us(ng th. op.rator f deflned by

FIN) 'l(N ' rl , F''flY) -/(x - rl , (?)

trrc master.quatlon may b€ stmpllned to

- r ,  ,  t f  -  I  ) (K  .  cxDrJ( ,v  -  - t  - , r  )  ]

- F-'{1 . K crpl- o(.v ' : },r } l l) I{.\ ') .

'ff =ra,u. u.s.- C#iir )a"-,r -oa^r
-, "." (- #+) rr, . 

"r(" 
- 1) ., c.-! (!H4) * _,, _ 

""", 
_ r., ( #l) o",

I

e. 
. .  ! r rcJ l l  Io.  pow.a canvcrelon o{  I luctr .o l lon-r . ,  : roql  lwo U:dFs r !  Ct( fcrcn!  tcmp. l ' r rurc! .

I cr
I

-.-.--.---

(8 )
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a o i  i : l e  c ? u l l : c r : u i r  s i i i l c .  s l n c e  J f l I )  o ; . | ) ,

(  \  .  a \ p  r i . \ ' -  i  - r r  ) i

-  r - , 1  . A  r \ o l - . r ( . r '  - '  . , r ) l l . )  r l . .

l , o w E t i  c  o N v E  R s  r o N  o F E N  E i i C Y  F L  U  C T U A T I O N S

S l , i n  i n d  r c i :  l ; c . t ! : u i l  : . i L r i c S .  i i , ,  q v .  . . ,  , e 3  . . - , ,  -
[ i c d  c u i i c n t  / 1 \ ' ]  f u a  c i a h  i t l , . r .  f , i . \ ' i r  . . . r  ! : r u ; : : 1 , -
: " i u l n  s t : l t e  [ . -  : l i .  i r o c i :  . (  !  i (  ;  . r

( M = D e x p l , ; l . v - : l l P ( . \ i - ( ; / , , v - i , ;  t t , )

- - S l n g  r g \ e  r e l a i i c r  l i e t l e e n  P l . \ ' )  : . i C  p . \ ' -  I  o l  : - i .
(10) grves

nv  _ . v  exp : . t J  - , a l l . !  -  l )  -  |  lm  + .u t ) '  -  |r \ i r : v / r -
r  + A  e r p t -  c r ( J  - ;  , r ) r

( l ? )
and lof t} le lotat direct current /r  rrc halc

r ,= I l ,vr .
I t  c:n be seen f.om lhis cqualicn thrt r I  : ,  = .-.  : inj
y ' O  t h a !  1 0  d : r e c t  c u . r e r !  x : : i  : : o r .  T h : r  a  .  _ , .
DO Po!r! a Can bC obta.ined f ioc: ihis mLL:: . ! l : r .- , . .r i

ther€ b€ing a te|:1perrt!re di: lere:1ce betr. . .ec.t . : :-
odes. Th.is result bolds for d. l  circ. i t :s .a JiD.rcs
tht,t  qere 2,t l l i '1zed. in pari icuiar, thls :esul,,  xoids
fo r  t hc  hode l  l o r  Eq_  (15 )  wh€ re  i l i c  sense  o l  c i _
ode  R . l s  r eve rscd  i t om t : l a t  o l  F :g .  l -  Fo :  r t i r s
Eodel, lhe current, l .v) is 3vcn by

ii.t, = u/l .:---:----::::-- -
{  u rp tL j  -  d ) i .Y  -  j )  -  i j , , |  - c r r ,

( 1 9 )

Frord this equauon l t  cari  l lso oe see:1 t.1Jl jo. ! .= O
rnd T,: ?. no dlrect current Bi l l  f lolv.

Thl! .result is ol Ldterest ln de:€i i i r int iS l :  : :e
dlode opcr ct.cuit  voltr{es a:., t lvzed b, '  ) iai i .  i i r
I  p3p€ r on se i I-  rect iJical ion [n Ciodes,; cen;c
used 13 J. power saqrce. H€ r i ises L\e : i : :po..-: : . !
question o{ vrheiher there is I  co. l : ict be:r.eei i  i j te
i . t | |  Karnp€n di.od€ theoly rnd lhe seco::J law cf
ur!! t t |odyn3mics and he a,rgrjcs i i ,ar the e:.: .ci . i i
volt ige across $le diode c:,r!  fc. srrJl l  CloCrs, : : i -
caed  t hc  con t i r c t  Fo t cn t i a l .  Th t s  qccs r i o i  { : f  i ) . s s .  -
blg confl ict \etth t le second l i \r  vl l l  nci oe aes.r lvr, :
h€ re  bu t  i !  i s  r e t ; 1 t cd  t o  t h r s  s . rme  ques t i a :  ! ( . - : o i n i
g.rt  t l : ! , ! ,  as cln be seen f iom aqs. ( l l l  e::d i l l ) ,
a mod€l for A, tnd R. consist in;I  onl i ,oi ,{ ikeira.! .
dlode! does nct g. lve a s. l l -rcct j j ict l :o:1 c.. . l i :ai . i !  j . t . :
nO pol{er Can be obta. i i ted f iom u1cs.. inoueis \ !  l . . t : l
the dtod(.s i l re xt thc sJntc ienrpc.:r iul .( ,  Thr: .a-
sult ,  qhic:1 Is not in conl l ict , l th i : lc se.3nd ;-rx,
i oes  no t  p l cc l ude  ob t i r i n i nq  r csu l i s  i c .  j t : : . :  : : .  r -
els that tre in conJl lct 3nd :. l l  th. i i  ca;1 bc 1s--rr: : . i
On  l he  bas i s  ( ) f  t hcsC  r csu l t s  i s  t l : J t  f . r ' l i r i s  l : i L : .
mo< i c l  t hc r c  i 9  no  con f l i c t .

The  d i r ec t i on  o (  l hc  rec t t l l ed  c r i . r ' r l  i n  i : c  d i -

od€ anodelg can bc ch3n:ed by ir :r i i l t l3 I-  l : l rs. ' r

t han  f ,  whc i  ! ' . 0  a , s  can  b€  sec l r  ( r o i : r  Eos  ( l ? )

f id (19). This rcsult  is al lo ix i l tce:ne ' : i"1 l :- .( '
q:(pcrlrncntal rcsult  rcportcd bv Ci. i ; :r ' '  wh"r! '  i l rc

dtr€ct ion o( thc rect l( led currcnt thr( 'ush Ji un_

. - rL .a l  r c  J  c , , t r s t t n f .  . \ i 5 \ )  / r .  : - nus t  i ' f : 1 i sh  . r s  . \ ' -  - .
' f l - ,crcfoae, 

wr. can wnte foa thrs equi: ibr!u; ' l1 si : ie

"cu'=|!ffifijfl coo-rr. (10)
Thls relatton enable3 the probabil ity of .v excess
clectrons on the upper side of C to be gtven !n
terrns o( P(0) as

{.Y\ = f TT l:[llebr(Jt .")r \
\ i ^  ^  ' e x . p 1 , r ( r -  , - o - f  ) P ( o ) '  

( 1 1 )

From thi3 c\Tresslon (or .{.V) it ca,n b€ easily
sho!/n that as K inc.eases to mal(c

x -  cxpi , t (x -  i  -a)1,

l f len

F(,v) = exp{- j o,v(N ' 2r)l ffo) .

This Garrssia-: l  dist l ibutton !o.,V ln thls umtt lng
cf,sc is, as l t  must be, siml. ler tg the dlst. ibu oo
deivcd by r-aD Kilnpcn for t ie sir€le beated diode
'Jher. the cenle. of the distdbution ls d. ispl:ced by
th€ dc potentlal en/C 2,aross t ie he ed dlode g,-

I t  n - u =4, and I .J for the tvo dlodes ot Ftg. l ,
t j lcn i t  can be s€eD l.om Eq. (11) t} l1t

P(X) = erp(- ici/:) p(0) . (14)

Th ls  G luss iao  d l s t . i bu t i on  cen te red  t t  t he  o r i g i n
ls an €:<;ected result since this model l l1cludes lhe
syinclnc model of two idenucal dioles at t} le salne
temp€rature th2l are connected as in Flgure I plth
l ' ,  and lz, belng th€ contrct potenual ol each diodc
!o thd Yr .  -  Vt tot ide;i ical diodes.

The rccuaslon equatiod vnen.?. ls reveased can
bc Fri t ten

p1.^ .r cxpf- o(v - ! . a) I .erpl- J(v - i -,' )
K r l

x P(.v- 1) (15)
Fo. t lcse t\ ,o dlodca in paral lel i t  can b€ .a6l ly
Scen t lat lor d.) Jnd m '  -r l

P(ir') . erp[- j d.'/(.v *zr)lP(0), (13)

vhich. ol cours€, is thc sahc dtstr ibu on 13 t ie
vln K.ampen .csult  fo. lhc cqolva,lent dtode to the
t\ro dio. les in pfral lel .

RCCTIFIID CUNRE\T IN I l IrER COliYTRStON
ASD R LfR I(;LR,\I tO:t \ IODES

r[ ic rccutslon equ,1 ., [  for p(.9 can be used to
c , , n r : , u te  t hc  . ec  f l cd  cu r r cn t  I n  t he  powc r  conve r -

( 9 )

( 1 3 )

- 3



hi:,s..d Cio.{c ! / :1s ch:rngcd by r; t isrnLl o," io,vc::n{
l : : e ' . ' i  ' e r r t u r o  o f  . t  r c : : s t o r  c c n n c c i ^ d , r c r , . 1 - s  l l t c
t e rn r i : i t : s  o f  t he  d iodc .  F ( , r  t h i s  c rpc r . i n r c , r l  t hc
cu r | . c : 1 i  r i l s  obsc rved  t o  f i o , v  i n  t hc  revc rse  (h i qh_
rcs i s i xnce )  C l rec t i on  t h rough  thc  d iodc  when  the
res l s i r r r  w i s  L t  I  l os re r  t en lpc ra tuac  t nan  t he  d l -
odc  and  t h i s  l s  t i c  sa r i c  r csu l t ; r s  wou ld  bc  D re -
d l c t cd  f r om Eq .  ( l ? )  t o r  t hc  d l ode  L .  t n  F lF .  l .

'OIYER CONYERSIOX EFFIclE:{CY AND
REFR IC ER,\TIOS TIRFO R\IANCE

Tl:e powql xvri l iblc from or rcqulrcd for thls
dlrect current / ,  {s tr lven by

P. -- r' t, = t c(m *'n / C I f , . (20)
The powcr transferred between lhe heat reser_

Yoirs that le.e!:ltes this direct curreat oqtDqt
porcr or t lJt rasults f:oh a dlrcct current lns,rt
Po* er !s give:1 by

".-f n.,",.8'3;Unr, Eo.  (m *n) /Lvo  - !  .n )  ,

!,hcre Pr(tr '] is the poi.e! transter.ed b€l een
rcservoi.s fo. each ]V. Thcn tie etticleicy of thc
po.J/€r cooveision :!oCe is given by

(22)

?ou ld  i ) . '  e . ( pec t . r l  t , )  acc - r r .  , , . , \ - .  r . : a  . : . . : r : . 1 :  
: : r -  _

lUA l lOns  o f  s r : 1 t r l l  < \ ' < t ^ r : r .  , . r oa^  , i  1 . t . .  . - , , . .  ?
l h l .  l i n l l t  1 .  t : . , , . 1 : . . r c , t . i  C  . , , , " - " . . , . . , . . .  . ,  .
t l l c r c l , y l n c r c 1 s ^ . l J l c , 1 t h c n u r | ' ' ' . ' ' I : L . . :
tr ibutin1.i  to P. a.rd . / ,r  Jt) lr ! .oaches on.. j .  Ti is.: : :-r
be secn irom the cquJi l06 Io. (hc ptrr: j .r . i )  i : r  ty ( is -
tr ibution givcn by Eq. ( l  I  )  i lDd thc cquitr lon :o!_ th!.
r ec t i l i cd  cu r r c i t  q l r . cn  I ) v  Ec t s .  l I ? ) : l r ( l  { l : 1 .  F r r .
lJlrs erlnlple lnd [or the other 6196"1, th!. !  l l .crc
ana.lyzed, it crn bc shqlrn tiat i.s the fictor /;l _ .' I
ln Eq. ( l?) incrci lscs, thc !r?ct ion o, the .ect j f i i , j
currant at thc rr. luc ol .V tt  which /Lv) b<rorn,-, i
poslt ivc t . lsu incrcxsca. Thrs resulf c: ln bc ur! le!"-
stood by notir lg that rvhi le / lv), /pLV) conl iDucs : l
lncrease rtpidl: ,  ,or larser ralucs ot.V, the r i .r IJc
of /)CV) decrea.scs tt  a fustcr . ,r te so th.r l  jn the
I lm l t  t l l  t l e  aec i i J i cd  cu : -aen t  c r ccu . s  f r : he  ! a t !+
ol rV Ior \ [hich thc le. lue o! /LV) brco.nes poslt i , , . , .
Fo r  t h i s  l iE | r t i n :  c t sc ,  L \e  e f l i c : cncy  Eo  rup ro . : chc .
the rat io

Fhere,% is the l i . lue o(.V to. lrhlch r.rre rect i l red
current occuls in this l i rnidng case.

-Thcn 
to eriEl ine t ie t 'alue of Eo at the porit  at

Ehich t] le reversl l  ol  cu!ran! c,ccurs, we hlre
t rom Eq .  ( 17 )  o r  09 )

9m.  an  =  €  _  a ) ( \  _ : !  )

alld

' In addluco lo the reve:sal of c.Jiient !:ot' ,.\at
r t s ! . t s  r he r  f .  beco res  : e rge r  t ha .a  T , l a r  V  _0 ,
Eqs .  ( l ? )  r nd  (19 )  a l so  show i J ra t  r .  r eve rsa ]  o (
c'ur.€it  Oow qul occrr as the voltrge y ls tn-
€reaseC lo..  larg!r ralue than lhe lrped.d nuche-
tlon volt.rgc. Thcr the nodel no lor,€er converts
thc therina! l luctualton power p. from t\e higher-
tchpe.ature j iodc n, to output pow.r p.,  Above
L' l t  valt ige at t 'hlcl  the current di, !cc: lon ls r!_
rerseC t le poqer P. b€comes lhe lnput powe! to
Lrc nodei ! :d lhc power pr becomes L.le pocrer( lz,nsfelred to t l1c highc! tcmpera!:Jre dloCc R,.w'rci thrs tnnsferred po,rcr p. ls hrger t lran tharn?ut po*.r P., then the thermodfnrmlc cyc!e tsope:at:nq in e re(r iFprrt irn mo,Ce. For t l l rs hoda,t ie or.rtput is the heat crtracted lrom rj l .  cold r?s-

l : :r .  a - P, : .nd rhe inpur power ls p..  A con-'cnrcnl measurc o( perfori lance cf the r?frtgera_q-oo hode ls urr co.(f lclent o( pertorrnancc i ,  ,hlchIt l ie ret lo o, t} |c lbovc quantt i les or ln t€rrns olc ls 8lvcn bv

13 6.i

. t  ' (P , -  P . ) /  P- .  ( t  -  n /  E .
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t t r  * n . t C . - 7 , ) / T , l 6 v "  - i  * n ) .

Suktltutirg i-nto 9q. C4) giv.s

E o ' C ,  - 7 , ) / T .

L::i!.:*" from thi! t l l l t  when Li. tnput porcr*!-ories lar3cr than $e helt tranlf.rred to tlc hot
Il.-1"t.. j" .!ta-ke E > l, rh. coefftcrenr ot ?erfor_" ' l . lo  o t  $ "  re fCgera t ion  mcde goes  to  zero .
^ r : r - l s  

o I  ln te res !  to  dc tc rmlne  thc  h rghes t  c ( t t_' tEncy  o |n f : r ib le  ( ro rn  th ls  u rer rd . r l  e r< . i ie . rnd  th ls

?bls is the Carnot cf j :clercy so rg: in thc therntl

"tr8i! t  
Io. this model is in agreerrenr !  th the

s.cord Ll\r.  This relul!  tor the eft icicncy ir  this
l lEit i rg ca,sc holds for fu series tnd F!:r l lel
cornbrrat ions of Ciodes th.rt  eer. rrEl! ,zcd. This
regqlt fo! models using Alkernade dlodes irrt ict iL, j
t iat the ef l iciercy cI Ure power ou(Dqt is l lmitcd ia
uEt ot t le C.r rdot cycle.

I t  ts o( ir terest !o comF,!e the amrr results us-
lr{ dlodca (or R, and n. yi th the rcaults for I  nrcd-
r l  whcle / i ,  is a l inear resistor. The results lor
r prel i !nins-.7 rrLalysis tre, as erpected, th:rt  r ir !-
l lar elt iciel lcies cr,n be !.chi€ved Io, !his nrod(,1.
For th!3 alqlysis l  continuous f luctu-trt ion volt l{L'
dlrtr lbution must be used. Let ur assunre, fs for
l l nea , r ' r es i s to r s ,  we  can  rap resen t  t hc  vo l l l ' . : c  d i i -
t r i bu t i on  f ,  a . c ross  t he  C  i n  F ig .  I  by  t he  cq r . r t i s r ,

P{r,) 'P{r ' . )  ern (  - ' iE#),

,

vheae  y .  i s  t hc  b i . r s  r o l l : l gc  r c ross  C . tn ( l  \ r h i - c

C .na  d ,  l he  v : r r i : l nccJ  o f  t he  vo l t ; ! : r  f l ue l r r . r r  ,

q



I t )

of .q, .t..d nc, respectrvely, are grven oy

4. kr, /c)R/R..

% .  k  r , / c ) R f , R , ,

P O I V ! : R  C O N V E I I S T O N  O F  E N E N C Y  F L U C T U A T T O N S

,  r t i l  n " ,  t he  pa r i , I l e i  r cs l s t ! . nce  o f  R ,  and  R .  t c ross
Li, ber .1 : l \ .cn by

It, - \L i Ia, + t/R.f l

of_the po?er convcrsion Lpproi. i .cj tes :h.t  Craicleft icrencT. Also, l i  can be s.:r, ,m

:1yte,  t le  l :uctur . r ron o"o. ,s ,  a , . , r , " , in ; , , .  ] , , . . , .A lker : rede d ioue modcis ,  r .  a"  . " , , , , .uo"" ' . , - , . - . I
t l uc tu r !  i on  d i s tn l ) u t l on  o i  t h€
l i oea i  r es i s i o f s ,  u r " ,  aa " r " r t  

: t i od ' l r '  ' u i i ' l  l : a  r :  ' l

t" of tiie ronlrnc:rr crrc,rir  ̂ r 'cs;:ir/r 
tj i '; j.::-:. '_

i ly  C of  rhe sysrcn:  wr l t  in  th€ l i rn . r  
"1t " , " ' " , , ' , i1 . . '_-_-conversion ro occur r! rhc valuc 

", -re ,". '.i.1._i'..tle Canot efliciency is rchieveq.
Thc t3ct tha,t uris resq.l t  based on st! . t is:LcJ.l

D?€hanica is iD agreement r. l th thcrmodyn.rft :cs
13 e,n iDterestng .esult- I t  *- l .s suggesred 1.. t j .re
tcvie'r tbat the enc.gy o! dissi l)al l , . .e , ]rc:. ,r1:: .n
Drocesses (Browni1n mo(ioo in f '  qenerl, l  sens..)
m1y be tu.dtrt1ett:r i ly synonymous wl,. \  :c:t t .  iv:rt i  _
out ansa,ering ihis qucs:ion, :he rcjul is ior : , l l  L1?

. 
Eodcls thrt vcre considered do add to t ie letscos
for considerlng this questlo.r ! !r . . icr.

DISCUSSION OF RE5LLTS

Alt io'rgi i t  is ev:deni frorn :q. (2d) ! t :3( rhis cy-
cle is 1 rcverslblc cyclc, i t  i .s nlo.e drl j l i , . ' ] : t  io
&cept thc conccpr of a diode wOrkti{  in I  .e:r lS-

:.ol:oi Td" 
L\ai iD a f,o'ger conve.sron :r:o1.,.  .{l l rnlreo cl iscussion by Feynma:1 of . . l )e nl:r . ,q 11

Fwl machineb is uscful to Ure unde.s:t:dit1: oI lhc
lornetlr lre5 surprising resslt-s of rel.cas ib I  e ! .vc lcs.
lD  t l r i s  d i scuss ion  he  assun :es  

"  
. " ' ' , " r . , " : r - a ; - " i . ,  

" '

l l ld t l ]en discusses L\e ?hysics ol :hc i- . l , i : l iei :s
LD  e ry i ne  f o r . ach  mode .  The  f t c r  t l i t !  : h .  c " . c .p ,
o f  I  d i ode  ro r i i ng  Ln  I  r c f r i g !a? t l Jn  i : cCe  l s  L
r r l r p r l s l ng  resu : t  i s  o r i l y  o r : e  morc  ex :h :p :_ ,  j i . t
conc lus ion  r c f ched  i n  , ,  s t ud . , r  by  Seed jn . , : c / . : r  onthe luel slort lge ind t jre. i : lod:/namlcs !L. l1e.c i t  ts
rbo'rtr  that a gc:1eral ur.derstanciq ]:d Lt!! . : : t :or l :c
t!a lher:rodyalmics of tevcrsibtc prc<ess€s a, i :C
1 aeltvi{or-r, ted atttck on irreverslb le p aoc es-se j
g.rn have 1 gre:rt  potcn!ial in savin3 fucl.

.  
Ex f rnp les  hevc  bccn  co rn l r u t cd  t o  shou ,  t l l c  r e : r_

r : on  be tween  the  F lnn re te rs  i n  Eq .  r : : ) .  Fo r  J r= -pl lcl ty in lh€ compulation Ior f l l  ol  the c;a;;p1.,5,
i t  ls lssumcd thit  ) .  .  d whcre r is t i re ntro ,rr . ,r  

.
Tl l is. issur:: l) t ion corrcr.r i lonals to thc phv<.ct: : icd_
el l |ncfc thc c-. l l ) .1( l tv, , .vofk IuncuoIls, . ino .. t i l . j i , ,_
t lon curr! 'nls pcr unri  suri . ice lrct o( c:!ch dro.lLi
are t rc sf me so t i ! , t  the nt io ol urc si. iu_i:o.!
currents o{ the t\so diod!.s K ,r |ould bc eou:: io th, l
n t i o  o (  t he  c f l nc i r i c s  o f  O re  two  d roces .  . ! . 1 .
l incc t ic r1t io of diq.tc c:rp.!cl t ics dctdrr i l r : :aj  ih,,
n , l i o  o f  d i r cc t  vo l t r gca  f r om thc  b r i t i ! , r . , . t . r o j s
ca.ch diodc, i t  (ol lores Ulat , .=A- tor t l  s nrr l \ , I .
Oticr physic:r l  rnodcls c:.r\  o( course, chax:c rhrJ
te l n t i on  i n  c l t hea  d iacc t  i on .

Uling t\ i . !  mrrjcl  ind thc valucs of r ;rr: l  l i ,  [ i \ . . ! :
h  T rb l c  I ,  t hc  vu luc r  o t  pLV)  : r o rn  Eq .  , l  I  t .  /  ( v )

(28)

(30)
-F,)r lhe cl 'sc of interest to us, whe!e eiuter or
ln)rh Rr ard A. are ngnl inear, the volt2.ge f luctua-
non across C is not noror.J. l ly distr ibuted ahd the
use of dte a-bove distr ibutioo !o. this model is oDen
to  qucs r l on .  To  g l ve  somc  p laus lb i l i t y  Lo  t h i s  as -
s!mp(tor\ t ie above voltage dlst. . ibution does give
1 ] lr ,x..vel l  -Boltz' : l rr l" l1 distr ibut ioo f or the energy
being.geneFted and dissipalcd Uy R, eaa R. in I ie
nrodel. Also the modei does giye the correct dls-
tr ibutton for the l imil ing ctse, irhere g. b€cgmes

:n 
id^e1l.r€c::ri e:. as r._ O. For ttis ltmitins cr.se,

1r.- v wien rne diode coDduc!s so that the volta{e
rcross C is l i rdjted !o t} le rr lue ol % at phich ihe
diode sL1:-ts to conduc!.

Oa Lh. bi,sis of thi3 f .ssurned volt tge distrtbutio' l
ar.d the cqur,tiol: {or rhe erpected rectified currunt
g rve i r  by  Eq .  { 16 ) ,  ebe re  : t . vp /e ,  t \ c  va lue  J
r., .P.ttd E c:.n be cornpqted using Eq. p0), F.q.

l l l ) :  
* a: (22), respectively. For the siarpl(y-

l5^:suTltton 
th' l t  J > 1, i t  can bc easrly sho-*n(nrt :n. ett icieicl  E is glven by rhc Carn;t cycle

c f  r r c renc - /  (T . -T .VT .  as  i n  Eq .  ( 25 )  f o r  t t r e  j r ode
model.

-  
Thc  s l r n i h r  e t f i cLency  f o !  ge  J .bove  hode l s  c fno€ shown to bc a,.a:nples oI a Fore generi, l  rhodel

for the. rec t iJicl t ion ol ene.gy,luci i larrcns. This
lcnrral model fo. L\e conversion o( electr ic cne!_gy l luclu.at ions iJicludes ..  l rolr l i rea, resls{ve ci.-curt eledlellt t'laiE'tahcd 1t ternperatule T. erd rhea:eC iesis ve elelDent maintr ined u tchpera_
ture ?,. Assqme the cle.tr ic nucrq.uo[s oI thecoupled elcmerts result in th€ lol lowing currel l ls
-\rough lhc oonl inear circuit  elernenr at tempelf_
ture f. .  Thc current f low io the !o.J.ard direc_l lon is

Ir.,t ex{ L,.E - stv)/hT,l
ard tn t lre boci.*. ,rd dircchon is

I t . ,r  exn[ rE / hT ,]  ,

F l )

,-"T:". * 
ir rhc chrn(c in the [:ucrurrion cnergy of

l :  " , * . j  fo r  1  cur rcn l  l lo lv  o f  onc  c tcc t roo  or  ionultou'; ir t lc oonlinet,r rcsis:or ls, tor cErnplc,

ijlil il-!.^: ) and Iry rs rhe ou(pur cncrFy of Lie
, , ^ ] " l l  

,n f  In rs  cur fc ! : !  f io ,s .  T I l cn  lo r  cur ren t
. r ; , ' , j , , : i , r " . .o l  l J  fo ruhrcn  uc  ourput  cner :y
:;: : '  

*j nrodel from thrs chirge tlow rpproecics' t . t , -T , l /T , ,  
i t  c ln  ba  sccn  t ;a t  lhe  e( I tc icn  y

I
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f r c r :  Eq .  { l ; )  i t r c  P |LV)  f r o rn  Eq  e l )  r t '  g r ven  rn

"i .".rr i"  
i" .  ,v = - i to J = 3 'or t \so lr lu's cf m '

T l l c  l o \ ' ca  ' . a l ue  o f  t n  g l vcs  : l  Pos : : i ve  v f l ue  o f  I t

. , ^1  , ,  1 : , , , , r c r  co l i ! u r s ro f l  c1 { i c l c r l c ' L '  : t cn l  E ' 1  122 )

c j  S3 i .  The  h ighc r  v i l ue  o f  ' r |  [ i v ' s  ' r  ncs r t i ve

c""rcnl for /r  ar ' .d a l lc 'Ft iYe Po(er oulpul (or P' '

i ron1 url i"  e$rr,:Jle. i l  can be seet th'L vith laige

\alucs for d aDd J' eltecl irely al l  the di lect cur-

:cr l  occurs for .V = l  '

The rebtion betwecn tr tnd E Ior fnathe! erarn-

ple is sSoro'n ln Fig. 2 for a eider rrnge o( 
"r 

'  For

i i i r ' . t . . .rr",  i t  cen be seen th3t the increise ln E

,. 
":-o.t  

i inear up lo i 'he clqss ove! point d:er

: 1 | : c ! . .  t he  
" : l : c  

c f  E  c9n t l nues  t o  I nc :e f se  J t  ap -

:rrxir: : .r !e:\"-\e sf 5e rate The maxrmure el l i -

i ,"" i t  of 2"*". outpr! lo! t}r i-s emrrple is 64ac lnd

t. ' .c f l l iLrtum val.:e o(,9 lor th? refrtgeFtlon o:ooc

ri :er rte c:cs; over Poini is idl  Th Ls r l inlnu!!

,.alue ot 
'i8? lor E gi'"es thc mt-timudl ealue ol the

oe :1?a : r l : : ce  coe i f : c i e :1 t  t  o f  28 ' o '
'  

: i ."  r". . : : t  of Lhe coroPutr 'r ion o( the convereion

aj l :c ' ,eicv 1s 1lunc'. iotr o! t ie parametets ol 
"\ '

*"0"1 at lo* ' ie sapec:ed agrecnent with Lle bastc

conce?(s o[ I luc!u!::on t ieory' Thege results

si:o*'ed t lat t le ccnversion eft icienct incteases as

L\c s! 's:en size cecre'!se3 :o ! ir 'k '  th! l luctraho!

a:lea:] 'a sl ! : :1U:car:t  ! la ' t ion of the total cnergT'

i le iecrease 5 s-v3tem size is requireC to Lo-

crlr .sc lhc lal ' lcs lcr t  and r '

Thcse .esu:is , ,hat,. '11ere 3.re r.o thecret!c., . l  l ioi-

tsl lo:s lor uis r ioCel i l r  aPprcachi '€ the eJl icielct

l :n, l i r--. t trons ot ' . . ]1e Clrnot eycle rre based on the

fssu:npl ioj ' t  i5al electalc i luct lal ioI! !  1'e r 'hc orl l t

cnerg etcha:rged bet:/een diodes Thesc agsump_

tions cennct 5e ago.ously lcet ta aDy physrc2l Eod-

ei,  hoqeler, i t  is not cvideit  r ' \ ' t ' 'bert al l  lny

pl:ssical l i t : l i tacions lo designing a rrodet capable

t.\BL: r. Pt?c: conv.rslon ud rcl!!E3f1=9

ol areeting the assurnption-s as close as is requrred

to  i : 1ke  5c  r . bovc  l heo re l : ca l  Fe r i t rmancc  4a ' ! a_

t i ons  esse t l l i x l l y  co r r cc l  The  b i t e l . s  f o r  l h r s  cc ' _

c lus ion  $ l t l )  r cs i ) ca t  t o  t l : c  - ' ! ) ^ i ' c  : r ssum i ) l j ' t n  l r

i ha t  s i nce  t he  convc rs i on  l no ( l " l  i o ' r c l vca  . |  i 4_ l l f i -

catron of elect i ic erclJ f luc:ulrt ions, l t  is lcfsiSlc

to have as a desig: l  goal the leducl ion to 1 :1c: l l is i-

b l e  rmoun !  L \e  l osses  due  t o  : 5e ' rE I  conduc : l c \

ndlat lon l .d elcctron cool ing ln thlory'  f i i ters

.. :1d con4uclors cl lr  bc designed that r ' i l I  convey

electr ic power et l iciert ly ove' a scletted wide

port ol Ore elcct i ic l luctuatiot!  !requency spcc:rum

a,rd at t i .  same t i l t€ providc poor 
"herl lal  

cooduc-

f loo Ffhs. Designs to do t l t ts are disc"rssed ir t l rc

AppctdLr.

fOWER -OUTPLN POTEXTIA L

To d.termine iJ utere i !  any Practical signiJl-

c$cc to t}te 1bov. theorel lcal l imits, l t  i !  lecca-

sary to investlga!e the leasibi l i ty o{ using 2'ssem-

iG.a a oicroscopic cilclrits ol tlrc ebovc modcl'

OaJ result of a prel imir:zry examination of th! Lhe-

oletical limit on lhe arailable lluctuation Po'r'/er

9er squarc Eeler ol a helted res:st ive f i ldr i3 ur.at

u r i s  hmr t  l !  ex t r .me l y  h i g i -  lD  comPu t i ng  t r e  m lg -

dtude ol thc uPPer limit o! the ar.l.ilable fluciur-

t lon porter, let u! f l rst conside! {rc l luctuation

ooorer of r 3inglc resisior '  Thc ef lcct o( th'  3ta-

i t"t i" ,  ol  l luctual lon e!!ecls on Lt lc t ie' l : :al ly

cau !ed  c l ec t r i ca l  l l uccL t l o :1s  ac :oss  1  ! l ng :e  r ' _

ststor is that tle outPut Power i! iideP€rdellt ol

tne plysicat ! ize or 
" lr  

'  number ol carductirg r lec-

trons in r-\e re3istor. This powe. has been showtt
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:

t t  b. I tpro\ inately t '1,/r ,  with A beicg thc Bolt2-

!i:-.6 consiant, ? being tl]e ;rbsolute terapereture,

rrd t  berng t ie mefn ! i .n€ beiween col l isions for a,n

ala(tron. The eltect ire mean t ime I lo give the

OEla(loo ool,er in ir  .nebl l  resistor hls been

aoBrpvr!.o:: l . i  ihc resul l  shows J.n ei icct iv€ ejec-

t l .o! relociry of 10t cm.'sec :nd lrr effeci i ,ve meao -

! 'cr{r, t}  lcr{$ o{ l0- 'ctn so that the ef lect lve

!B..u t lme, !s of t l1e order ol l0- '{  sec for el€c-

!.0{!' rt rood! le:11pe!'ature. For thiE v3lue for I

rd lor t . ?0O .}( the fluctr]atiot! pover :va,ilable !r

d  t ! .  o rdc r  o l  l 0 - 'w .

?la probleE retrains ol t.yi-og to deterEinc tbc

l l8rt!  i r  siz! for e physical system to op€rete cI-
t ! . lcnalt,  For t j i ls, let us consid.r hop closely
aoob,ct! on t healed rcsbl lve t l lm crn ba placcd.

On,.rir bsns tiat ijr e r^ea! free Fth ot the elec-
lroos ir  t l re resisl ive rolterial is ol the ordc! ol
l0-'cnr, ra orde. of nE{nifud e cstidrete is tia.t
Cqdralors caa be placed rvery l0_t C!t oD i lD ex-
talrdcd heated resist lve nlrn eitholt  result ing i !
l.ot trs^ilic!,nt correLttion b.tv.€o th€ nuch,lations
d i ic idivldual circui ls. Thi!  sp..ctrg resulL! j-D
l! rzi l$le theoretica,l  pover output l imit2' t lod ot
lf W 91 1y-111a61" fluctuatloD eir€rgy pe. sq\r.!e
Etlar o( r resist iye t i lm r,t  z, teldpe.atu.e o{
?00 x.

A Eodrl to i . l lustr-ate thc lhysical size require-
l l fal !  in t l rce din:ensions of the nuctuation power
3o!ttr ! ioo ci rcuit  ls shcvd in Fig. 3. The ther-
EII rrLl s€leratiDg lha tseo ternperacr.lr.e reg-roBs
t, r'd f. lt i! tic XZ pbc€ beteeen o. congt-ued!
l&1 rhc ?bt€s o{ the capa.i to.s Cl, C, z.rd C:.
Ar nl l  be discussed in rhe Apperdj.r,  

- t trese 
cipaf-

80at ca,n t:2,rErDlt r ie clectr ical nucttEttoo co€r-
J' vlolout rebyir€ un*?:ted t-be.E3l eaergy, The
La ql the teo diodes in tie R. circuit i! orE Eadel

to eD.lble a rect i f icft ion crrrei!  !o exls! !n ire :ori-
er-ta!nperJture region wtthout acqulaln: ! .  Cc ,)f , .1.-
to ibe higher-ie.nper:rture regiod. The d:cde R. i i
t i e  h l qhe r - ccmpera ! J r+  re f t on  r s  essu , i cq : . a , r  j . r l _
pl iciq to be onc wtlh I  cathcde lnd fnooe l1x\.Li i :  . . :1c

s. 'me work iuict iJn so ch!,t  thc f luci. . jJt ion i) i .ro3-
bi i i ly distr lbution of the f:uci l lJt lon cua:cn! cc: i . . . .1-: l
t l le electrodes is easi iy seeniobe wilhou! tny blts.

T'he powe. output is taket Irom te.minals . , t  the

"oltag€ 
y. e.9 indicaied ln Fig. 3. Tl le coni:pu(: l ion

o{ the powe! coaversion et l lclency lor L\ is t i rodrl
a, lso rcsultg in l l r .  Cf.rot ctf ici .nci berig a.hiev€<j
lor t ! .  sldal l  circurt size. A sirrrr lar elf icieI. .cy c1:1
bc shortn to resul l  t  e l inea. fesistor or reslsi lve
l lLE s qsed in placc oI R, in rhe ncCel.

Then to consider the !r inrmuitt  volume rcquia.C
for thic circuit ,  i t  is eeident ihat J r,n ! ,ssenioltr:e
of these cifcuits u/cre placed in cr5rcai cei ls r;r  i ie
XZ plzrLe, the l l rrckness ot L\ ls assembia3e ,o!:d
bc comparable !o the spfcing o( !-h e circ.Jlas::1 L\e
XZ plar.e. The above rssuhed s;tcrn: o: l0' '  c=
i,q this plane is i  possrbl.e go., l  smce recer.!  ;oi{
lD clec!r 'on be] 'm r i icrot:.baicat.onr._r. hJ'3 ierion-
strated'qbt l ine\r idL\ of less th!t1 l0-r cm car be
obtained, aI)JC proq:ess G expected iori!,.cs ji:li
lmal:er l inewidL\s. To give some pu.pose :c --\ ls

- d€velopment for the long ie.!u fuFJre, L\e abrl i ty ro
coEvert l0- 'W o, power ia a cr:be 10-1 cm on e
l idc beans l iat cr i tb only a tot, l  volume of I  nl l
d t !ere srrzl l  ciacui ls, t i€re is a to!3l po!ci: i !r , l
polter converslon output suJl:cieat lo paovide esah
iDdtvrdual ut a, vorld pogul-?,tion of ten billicn .,rli.\

100 kW o( clectr ical power. A! aootl1et comla:r-
soD of t i is theore:icai potea:1trr l ,  L\rs poqer ou::. :r
i t  cqual to l% o( r-he solar ener;y L-.terceF:.a oy
onr P!are(.

Thcs! tesult!  indicate,Sat dre d..1jor probj.er: i  rs
Et thc.,yaibble ?olver, bqt 11the. the ef ircrencv
tttb *,tr  ic! t5is al. ' lhble power c:, .r  be conve::ed.
Tbis problen1 a,ref. involver 2, rn3tertf l  r .d l ! ,b.:c.,-
i loo l tudy desjg:red to lrqk. mari lr lum use o( lh.
proE|ising possibi l i t ies for achicvinc hi(h el| l -
ciencica. l I  lhe rtElerl :r l  tnd f: ,brlc:r!roo inr..s! i{ t .-
t loo did rnake poJsiblc lhe rchievcm!.nt of !hes(.
rdv-entr,ges (hcn this tcchniquc could yield pr:rctrc:t i
t tnounts o( powcr rt  hr(h Cfl icicncrc! Olcr j l ray
ridc ranges of tcmpc ratures.

ACK:{OW LEDC\IE:IT

T l t e  l u tho r  \ vgu ld  l i ke  t o  expacs5  h i s  Jpp .cL l : r l i J : r
lo Dr. W. K. H. Prno(sky lor his insprr.rtrod tr iC

ettcou!- jrgcmcnl in t lrc Prcl inl  in:ay con-5 :dcr.! l ron ol

thl!  coocci)t .  I  r lso wish to ackio' |^ lL'di. :c l l lc sr{_

nUlcarnt Improvemeitts lnarde possrblc lry !cf. 'acnc!j

l id comrnents teceivcd fronr lhc rct ic(crs. Thr

l5! ist lr lce o( the Norlhe1stcn I ' i i | ;crsl:y CJnt 'put _"'. lr"l,,,Tl* 
convcrs.on crrcur! ror',, ' ,.r qrL,cr. cen

I
)
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J O S E P H  C .  Y A T E R

I r {  Ce : . t e r  l a .  l ) : oY rc i i g  l } . e : r , c r : r t . /  f o r  t h r s  t i . t : ? -
s i r  i s . l c k t l oq  l edqcC .

,\P?E\ DI X

fie ar|3lysis oI t ie idea.l  . t l ic iency o! t le direct
corrclrron of f luctu3tlo. e.ergi shoeed that, tor
d: is concept, i t  * ' r .s ir  t ieo.y po3sible to design
noCrls for \vhich t ie.e Fes .!  signiJlca,rt  hea.t loss
bv 5\.!r ' i3l  cor.duction or r i .diat ion from lhe hot to
i l ' .  ccld resenoirs. As a f l .st e:(ample, let us
ccnslier hole I anode! udt.\ L\e saare m:lster cqur. -
hoD as that for t ie Eodcl of Fig. I  cln br d.slgned
q:l  r ,  Ei:1:hum hea,t transfar loss belween heat
.?5a:1'oirs bt el i lninati l lg t i .  Cc path between .R,
r.C R.. For i .hrg design lhe f luctuation en€rgy
rpe.:: ' rE1 c::r be traEmitted betr,een,t,  l rd R. by
car1cliors Cr aid Cr as sho\.,i itr the Fig, 4. Is
thi!  ci tcui l  lhe irCucr.ances L, ^d La arc added to
Pnr:C. a'  Cc ret.Jr l l  !q.th lor , le rect i j ied culr?tt
Lhrclgh each diode so the.t no dc p1t\ is requlred
b.rtecn heai, reser-/oi.rs. The :mpeC2nce of L\e
ir! i . : :r .ces is assulned to be rn,rch higicr at the
l:+l.rclcles ol dle f iuctuai icn volt lse :han the iE!-

r , ' \  r ,w),

tltr!

(3. )

,,tv)..rierdo0r - i -r)l - rl

xpw) -41 -crd_o0r_| ,o) l lpw_1)

\

I l

peda,nce of t l re dlodes so .rs 1o a::.- i . :e t ie Cc c,: .r .r t
l he  on l y  3 l g l r l i c : r n t  cu r ren l  t h r ru l t h  t he  i n ( t r c -
t lnce5. To cnable the t?!:r5ier r{ luntlon (Lt^n rn F.l
( 6 )  l o r  u te  c i r cu i l  o f  F i g .  I  t o  f , l so  be  l he  m i : s r . r
equrt ion fqr t}re circuit  oI Fiq. .1, Lhc volt ! ,qcs 7.
lnd t/ .  are set to give the srqre vol lrge acrosg

"ach 
dlode 1! y, tn. sum ol Ule voltaqe3 tl a.d fI

giv.s [q. thc cl.cuit  of Fig. l .  fh is r. , i l l  makc the
dc currents, ,, rrlC I., to bc e.1ual so Ulat tic re-
sult lng conversion lrower output r l}d et l lc:ency wrl l
t l len bc thc !-1me as for the circuit  oI Fig. L

A9 another atar!1ple, let u-a consider r.  model u!-
tDg only diodes to provrde the dc ci lcuits tor e:Lch
t!:Bp.?atu!r region rs shown in FlE, 5 wit!  &e
Ouctultio! eic.gy b€iJg trarEmitted betn'een L\e
trEp€rlture r.gions f, a4 f. by clpacitors Cu
C'r atd Cr Rectulcltioo and poecr conversion
cir.! occur in cither cr boti of tlte circuits R. ard
8.. Thc povlr conve.sion ca! be deriveC usi| ' lg
thr lDastcr lqu2l j .on for the eleclron cruissron
probbil i ty dlstnbution as .ras done for the !! lodel
la Fq. l .  UsiDg the sarne notat ioq t-h.€ recu!sion
.qc:t ioo for i i€ €qui i ,br lum str, te is

t \ c :e  K .J /A ,  v ,=2 ,^e /C,  a f r  v . .bne/C.  The
rT,::il.ors tor :jle Cc cilrrenG 1, 1.d /, cao then be
{ar.:veC usir:g

r , - L r , Lv t ,

rber!

/. W) -,4{ crp{8lv - } -'a )l -t}

o6)

xP0v) -,{{l - exd+ tv -} .'n )}p(.v- l).

(3?)

lroE th.!. curEtrts'.hc poser outFrt P. can be
otlellld ld k glven by

P. .  k /C)h : ,  + , t . )  .  (33)

A!:o thc poser ir lo the circuit R. k given by

l  lC .  .1 .  C l rc r i t !  fdc

fFwcr  codvc?r rd t  lo  ml lu -

nr rza  hca t -cs  uc ' - loa

loasat .


